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ABSTRACT 


Metal dialkylamides have been used to prepare 
complexes of the type [R,"] (ers) we where Bye is 
a tetraalkylammonium or tetraphenylarsonium ion, 
L=benzene=-1,2-dithiol, toluene-3 ,4-dithiol or 
Qemercapcepnenols Glor M=T1, Zr, HL, Nb, and Ta), 
L=1,2-dihydroxybenzene (for Ti and Hf), L=naphthalene- 
pose oto roy fiver wanda t)secand. x=4: a form Ta, 2x 
Suit OL X=3CLOLr Nb anawtra):. The complexes were 
prepared as Lior Na salts according to the general 
equation: 
M(NR>) + (6-x)NaHL + (x-3)H_L SES Nagy) ML + XHNR 
x y} 3 2 
The alkali metal was then replaced by an organic cation 
wimecerOnatroLle. | (Comparison Gf UV and@®visible spectra 
of the new complexes with previously isolated 
complexes shows that there is a shift of the lowest 
energy band to higher energy in the order: Tic¢cZreHf, 


NoctTa, MOcNb<Zx, W<Ta<Hft. A similar shift was observed 


2- 2- 1 
re OVO 38! A The sit tts 


2- 
fOr jtne order ok Hy < OSC eH, 2c, 


6 
above are consistent with spectra dominated by 


bigand to metal charge transfer bands. A tentative 


assignment of the metal-sulfur stretching frequencies 
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is consistent with metal-sulfur bonds becoming 
weaker in the same order as the spectral shifts. 
A single crystal x-ray structure determination 


of [ic gH.) ,as] Ta(SC oH has been performed and 


4)3 
comparison of the results with the tris(benzene- 
1,2-dithiolato Ti, Zr, Nb and Mo structures 

indicates that the proper matching of metal d-orbital 
energy and ligand orbital energy is important for 

the stabilization of trigonal prismatic geometry. 

The Ta complex is not trigonal prismatic, but instead 
two of the chelates retain nearly the trigonal 

prismatic configuration, while the third chelate is 
twisted by 37° about the os axis of the prism. 

A reexamination of the structures of other tris dithio- 
lene complexes in light of the above Cc, distortion shows 
that a Cc. type of distortion is a better description 

of the structures than the usual description invoking 

a trigonal distortion. The Ta complex appears to 
represent the most pronounced example of this 


C. Gype or distortion. 
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CHAPTER Lis HISTORICAL CONSIDERATIONS 

The i oi that class a, or hard, acids should 
not form strong bonds to class b, or soft, bases is 
well illustrated in the formation of complexes between 
the early transition metals and ligands containing 
only sulfur as the donor atom. The early transition 
metals are good examples of hard acids due to their 
predominantly high oxidation states and lack of 
polarizable valence shell electrons. Sulfur, on the 
other hand, is a very soft base due to its large 
size and low electronegativity. Thus, according 
to hard and soft acid base theory, sulfur and the 
early transition metals should be very badly mismatched 
as far as bonding is concerned. As will be seen 
below, this prediction appears to be correct. 
However, it must be kept in mind that several factors 
are involved in determining the hardness of an 
acidasoribases fandtthus@iteismnot strictly secorrect»)to 
fail to distinguish between various types of sulfur 
snore, enor is@itycorrect*to considerpeallgof the 
early transition metals as essentially the same. 
For example, a high negative charge and low T-acidity 
of the ligand would be expected to favor transfer 


of electrons from the ligand to the metal. At the 
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same time, decreasing the ease of reduction of the 
metal would disfavor this ligand to metal charge 
transfer. Other factors such as metal ion size 

and charge must also be considered. In this work 

a number of these factors will be examined in 

regard to the stabilization of complexes between 
Sulfur donor ligands and the early transition metals. 
Discussions will be limited to the ions M(+4) for 
Tier eatlaeHts cand M(+5) “for Nb and Ta, which: are 

the dominant oxidation states of these metals. 
Complexes of these ions with sulfur containing ligands 
have been well Peri evel awe but a brief review of the 
present state of knowlege in this area will be 
presented here. 

The greatest number of complexes involving the 
early transition metals and sulfur donors are adducts 
between thioethers and metal halides. Due to the ready 
availability of titanium halides, the greatest number 
of investigations are with this metal. For example, 


compounds of the type TixX,°2L have been prepared 


4 
for L=R5S (where R=Me, Et, pr”, Bu) ee, L=(CH.) Ss 
(where Hear as joes L= [RS (CH) ,SR] “ (where 
R=Me, Et, and Bi ee and L=1,4-thioxan 
GennaOs), 5 where in all cases xX=Cl 
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and Br. In contrast to this, Compounds of the 
type MX,°2L are somewhat more limited for Zr and Hf. 
Zirconium halides Z2xX, (X=Cl or Br) form adducts 

ZrX,°2L with tetrahydrothiophene and CH,SCH,CH2SCH 


4 
(the latter has only been added to ZeCly) Sed 


2 
The 


13,14 


ligands 1,4-thioxan and (CH,) 58 form 2uClakl adducts. 


4 


In the cases of Ta and Nb, the predominance of six 


coordination results in adducts of the type MX, °L fox 


5 
(for n=4,5 and X=Cl or Bie L=R5S 
Or, Las, 


L= (CH) ,S 


(where R=Me, Et, Pr, and X=Cl or F), and 
L=]1,4-thioxan. 

More recently it was found that titanium tetra- 
chloride will also form adducts with mercaptangen> 
Compounds of the type TiCl,°2RSH were formed (where 
R=Et, Pri, Bie, or Ph), while dithiols formed 1 to l 
adducts. The monothiol adducts were reported to be 
thermally stable, while the dithiol adducts evolved 
two equivalents of HCl on heating to yield dichlorodi- 
thiolates, such as DAG ezcie Gime) « 

The second important class of compounds between 
sulfur containing ligands and the early transition metals 
is the dithiocarbamates. This is the largest group of 
compounds where sulfur is the only atom bonded to the 


transition metal ion. Bradley and Gitlitz have 


found a convenient way of preparing these compounds 
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through ca, insertion into the appropriate metal 
; 19 ‘ 
amides, as illustrated below: 
M(NR + CS -——>M(S_CNR 
( 24 2 ( 2 2)4 (1) 
(for M=Ti or Zr and R=Me, Et, and Pr’), 


This prodecure produced Ta(S,CNMe from ROSE 8 Rae 


2)5 
but the corresponding Nb compound was reduced to 
Nb(S,CNMe.),- Alternatively, reaction of the sodium 
Salt of a dithiocarbamate with a metal halide produces 
mixed halo~dithiocarbamato complexes, where the re- 
lative amounts of each ligand depend upon the amount 


of sodium dialkyldithiocarbamate Weedsoees 


MC1, + xNa S,CNR, ——> MCls5_,(S5CNR,), (2) 


Structural work with dithiocarbamates has shown 


24 


TAS ERE ES Ly to be a D dodecahedron, and the mixed 


2a 
complex Ticl(S_ CNEt,), was found to be a slightly dis- 
torted pentagonal Moy rem iaeee 

A third group of compounds is the mercaptides, which 
are relatively few in number. In the reaction between 
thiols and titanium tetrachloride, complete displacement 
of the chlorides cannot be achieved. However, reaction 
between metal amides and alkylthiols produces compounds 
of the type Ti(SR), (RNH>) (RSH) | (where Ris Me, Et, prt 
26 


and x and y are highly variable). These compounds were 


thought to be polymeric and were generally difficult to 
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work with. Complete displacement of chloride ions 
from the metal chloride has been achieved by 

reacting eh loc beg PA Bed with MC1ly in Et 50 or CoHe 
(where M=Ti Sand Zr) °xX=4, "or M=Nb and Taj) "x=5) .° "The 


4 


resulting complexes had the formula M(SC Gen- 


sues 
erally these mercaptides were sensitive to atmospheric 
moisture and in some cases were also thermally unstable.7° 

The final group, complexes of unsaturated 1,2-dithiols, 
will form a large part of this work, so it is appropriate 
to more carefully review some of the past work on these 
complexes before beginning to describe recent efforts 
in this area, As will be seen later, these complexes are 
characterized by a high degree of covalent bonding, 
the importance of which, in the stabilization of 
Sulfur complexes of the early transition metals, will 
become evident as the properties of several new 
compounds are examined. 

The past work in the area of transition metal com- 
plexes of 1,2-dithiolenes has been well Pevidweres> 37 
thus only the conclusions drawn from previous work will 
be mentioned here for comparison with the results of 
this work. 


Intense investigation into the chemistry of 


1,2-dithiolene complexes began about 1960, when several 
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groups of researchers simultaneously discovered 
convenient routes for preparing the compounds, 32739 
Prior to that time, intermittant studies had centered 
around the analytical uses of dithiols while investiga- 
tions into the properties of these complexes were 
largely neglectea.4°741 

The first new aspect of their chemistry was the ob- 
servation that the complexes may be readily oxidized 
or reduced; and by means of polarography, the same 
complexes could sometimes be observed with a variety 
of different overall charges. In some cases, the 
oxidized or reduced forms of complexes could even 
be isolated as pure compounds. The classification 
of ligand systems by G. N. Schrauzer as being 
"even" or “odd", according to the number of atomic 
orbitals within the ligand system available for 
T-bonding, is useful in understanding the unique elec- 


trochemical behaviour of 1 ,2-dithiolenes. 2® 


The presence 
of a weakly antibonding level in the "even" systems 
permits them to exist as the neutral ligand, 

monoanion or dianion, Figure 1. The “odd" systems, 

on the other hand, favour the monoanion alone. In 
valence-bond terms, 1,2-dithiolenes and other “even" 
ligands may exist as neutral ligands or dianions by 


invoking the dithioketone or dithiolate electronic 


structures. 
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Figure 1: Qualitative Molecular Orbitals for “Even" 


and “Odd" Ligands.* 


onetareG. Neaschrauzer, ref. 31. 
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while the "odd" ligands again provide only one suitable 


electronic structure, the monoanion: 


It may be easily seen that the "even" ligand systems 
cause some difficulty when assigning a formal oxidation 
state to the central metal. For example, in one extreme 
the ligands in Mo(S9C4H,)3 may be considered to be di- 
anions and the Mo +6, or in the other extreme the li- 
lands and Mo atom may all be thought of as neutral. 

The important question is the relative participation 

of metal and ligand orbitals in the occupied molecular 
orbitals of the complex. As in all highly covalent 
compounds, oxidation states must be approached from 

this standpoint. A further similar question is whether 
the ligands or the metal undergo oxidation or reduction 
during electron transfer reactions. Again, the nature 
of the molecular orbitals being populated or depopulated 


must be considered. The existence of compounds such 
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as: V(S,CoPho) 4, where considering the ligands 
as dianions would result in the unlikely yor 
demonstrates that the dithiolene ligands must play a 
major role in the redox reactions of their complexes. 
The second feature of 1,2-dithiolene complexes 
which resulted in intense study in this area of 
chemistry was their stabilization of nearly perfect 
Square planar geometry in all of the 2 to 1 complexes, 


29 


except possibly those of Zn and Cd, and the 


stabilization of trigonal prismatic geometry for 
some of the 3 to 1 complexes. Prior to this study, 
three tris dithiolene complexes: VS, CoRR Sha NS SECU O RE 


and Re (SoC5Pho) had been established by x-ray 


3° 
, : : 312 
crystallography to have trigonal prismatic geometry. 
While the ligands in the Re and V complexes were 
Planar, the ligands in the Mo complex were bent by 18° 
about the intraligand S-S axis. A similar bend was 
noted in some of the organometallic complexes of the 
type (n°-C5H5) 9M(S2C5R,) (where R=H or CN or sic 


; 42-44 
is benzenedithiol, and M=Ti or Zr). The 


22 


benzene-1,2-dithiol and ethylene-1,2-dithiol complexes 
with Ti were found by x-ray crystallography to have 


45,46 


a bend of 46° around the S-S axis. The only two 


tris Githiolene complexes known for the early transition 
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metals malcecicy) 5), and Ti (Ss celina d have not 
been structurally characterizea.4/ 748 

Clearly, the unusual structural features of 
1,2-dithiolene complexes must arise for the same 
reasons that their electrochemical behaviour is unique. 
Two features of their bonding have been suggested 
to explain the observed geometries; they are; 
interligand S-S bonding, and highly delocalized bonding 
between the metal and ligand system.°+ The postulate 
of interligand S-S bonds arose mainly from the similarity 
of interligand S-S distances in both the 2 to 1 and 
ch Aysge pens Completes s~ Typically, these contacts 
were found to be eae For instance, in the series; 


V(S5c5Ph Mo(SjCoHy) 3 and Re (S,CoPh5) 3, 


oe 
the inter and intraligand S-S distances were approxi- 
mately constant despite the varying size of the 
central natal, The importance of delocalized 
metal to ligand bonds manifested itself in other 
respects, such as charge transfer bands in the 
visible region of the spectrum. 

In an effort to explain the highly unexpected 
occurence of trigonal prismatic geometry in some of 
yl 


50 
the 3 to 1 complexes, G. N. Schrauzer and H. B. Gray 


separately reported the results of molecular orbital 
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Comparison of the Molecular Orbital Schemes 


Figure 2: 
of Gray and Schrauzer. 


Le 
calculations for the ethylenedithiol and stilbenedithiol 
systems respectively, Figure 2. In both schemes, the 
formation of a 4e' molecular orbital which is highly 
delocalized over the metal and the ligand system 
has been suggested as a major factor in the stabilization 
of trigonal prismatic geometry. Both schemes also take 
into account the formation of interligand S-S bonds, 
but Gray‘s scheme also suggests the formation of a bond 
between orbitals on the Sulfur atoms, and in the plane 
of the ligand, and the dz* orbital of the central 
metal atom. The formation of this bond seems to be the 
major difference between the two schemes although there 
is also some difference between the relative ordering 
of metal and ligand orbitals. Unfortunately the 
authors do not provide the mixing coefficients and 
Gray does not supply an energy scale so that it is diffi- 
cult to correlate results with the schemes. The principle 
levels of interest for this discussion are shown in 
Figure 2. In the scheme described by Schrauzer, the 
4e' is the highest occupied orbital and is composed of 
41% ligand eee ls) Sirs ly sp’, 25% metal dad and 17% metal 
p character. The 5e' is similar to the 4e’", but with 
substantially more metal character, while the 2a,' isa 
pure ligand 7 -orbital. In the Gray scheme, the only 
information given is that the highest occupied orbital, 


the 2a, is a ligand TN y Orbital, while the 4e* and 
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5e‘ have considerable metal and ligand character. 

A qualitative molecular orbital calculation to 
compare the relative stabilities of the trigonal 
prism and octahedron has also been mT It was con- 
cluded that strong covalent bonding between the ligands 
and the metal should favor the trigonal prism just on the 
basis of 0 -bonding, while 1 -bonding was considered to 
be of minor importance. Unfortunately these authors did 
not present detailed calculations of any of the dithiolene 
complexes. However, the qualitative ordering of molecular 
Orbitals was very similar to that given by Gray. 

While structural investigations on neutral tris di- 
thiolene complexes showed them to be trigonal prismatic, 
anionic complexes studied before this work were shown 
to be highly distorted toward octahedral geometry.37/>? 
It has been reasoned that increasing the charge on the 

complex will increase interligand repulsive forces and 
thus favor octahedral geometry. In keeping with this 
explanation, the interligand S-S contacts in anionic 
complexes were found to be considerably larger than 

in the neutral trigonal prismatic Gompilesce sues In 
addition, the molecular orbital ite of Gray demands 
that these additional electrons go into an orbital 
which is largely metal ce in character and hence 


antibonding with respect to the metal-sulfur bond. 
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Furthermore, in complexes such as re(s5c5 (CN) 5] 5°", 
which has been found to be octahedral and is formally 
a low spin a> system, ligand field stabilization energy 
must certainly play an important role in favoring 
octahedral geometry. 4 

Apart from x-ray crystallography, visible-UV spectra 
have been the most important structural tool available 
for studying transition metal dithiolene complexes. 
Particularly, it has been considered that an intense 
transition (with log € ~ 4-0-5.0) at lower energy than 
about 20,000 comme indicates trigonal prismatic 
geometry, especially for the neutral or singly charged 


complexes. °9r91 


The assignment of this transition, 
based upon the previously mentioned molecular orbital 
schemes, appears to be considerably different for the 
two schemes. Gray has stated that the transition is 
essentially ligand to metal (2a,*>5e') charge transfer, 
while Schrauzer states that it is essentially ligand f 
to 1* (4e' 5e'). In addition to a difference in the 
metal dependence, the degeneracies of the transitions 
are different which in theory should allow one to 
distinguish between the two assignments. In construct- 


ing Figure 2, because the Gray scheme had no energy 


scale, it was necessary to assume that the same 
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metal was being used for both schemes and that the 
Separations 2a,' to 5e', in the Gray scheme, anda 
4e'to Se' in the Schrauzer scheme, were of the 
same magnitude. 

A further word in regard to the electrochemical 
behaviour of the 3 to 1 complexes is warranted; namely 
that it is somewhat more restricted than for the 2 to 
L complexes. Particularly it should be noted that 
only two of the former complexes, Re (SjCgH5CH 3) 3 and 
Re(S5C2Ph.)3, have been observed to undergo oxidation 
to positively charged compounds; these two complexes 
are also the only complexes formally having the dt con- 
figuration , while all others are a°. 

Having reviewed the properties of 1,2-dithiolene 
complexes, it will be useful to consider briefly the 
methods which have been used to prepare these compounds. 
Since the subject of this work will be 3 to 1 complexes, 
the synthesis of 2 to 1 complexes will not be mentioned 
although it may be said to be very similar to that of 
3 to 1 complexes. Probably the majority of synthetic 
routes known to date use anhydrous metal chlorides as 
starting materials. For example, toluene-3,4-dithiol 
and benzene-1,2-dithiol react with Mocl, or WCl¢ to 
yield neutral 3 to 1 complexes as in eee 


), + 6HCl (3) 


WCl¢ G2 3(HS) 5C a W(S, CoH, 3 


end 
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Reaction 3 is unfortunately restricted since many 
1,2-dithiols are not stable. For example 


stilbenedithiol is believed to decompose according 


to CAN 


Ph Su Ph S Ph 
2 esata esa 
a al. ne Files (4) 
2 
Ph SH Ph Ss Ph 


This difficulty has been overcome for some of the ligands 
which are stable as disodium salts and provide the 


alternate route illustrated by (5) and (6). 


Ticl,, 
Na,Co(CO,),°3H,0, 


CG ry 
cr ae 6H,0, 


2— 
: & —>mn [s N 5 
FeCl,°6H,0, Na,SC,(CN) , [ age Pate (5) 


Mn (0.CCH 0, 


°H 
2) 31115 


EE or Mocl, 


ce Na,WO , 


4g ZA 


VO(acac) + Na_S.C_H 
2 2 


2Co Ho (6) 


—>M(S_C_H 
Ba ( BoD 2)3 


An alternate route, developed by Schrauzer, employs 


phosphorus esters of the ligand, prepared and used as 
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CH, CH : : 

CH — OH Ses Ry 

i + P\S > | P 

a= 0 4°10 y Se 

So a Ng Sy ore 
CH CH 
Wel. 
W [S,C,(CH3) ] 3 < (7) 


Metal carbonyls are also suitable starting materials 


according to (8) and (Oymocmee 
M(CO). + PhC=CPH + S—->M(S,C,Ph,), M=cr, Mo, W (8) 
CF, ” 
c—S 
ll | 
$A + M(CO),——>M [SC (CF3),] 3 
CF. 


M=Cr, Mo, W (9) 
The methods used in preparing the previously mentioned 


early transition metal complexes were (5) for 


4 s s : 
SN liye 4 and a variation of the same procedure in 


which the dipotassium salt of 3, 4, 5, 6-tetrachloro-~ 
benzenedithiol was prepared in ethanol and reacted with 


- f é : 4 
Ticl, without isolation. 
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‘ CHAPTER 2:3 THE SYNTHESIS OF TRIS-DITHIOLENE COMPLEXES 

In chapter 1 a number of synthetic methods were pre- 
sented for preparing 1,2-dithiolene complexes. The 
application of these routes to the early transition 
metals was an obvious extension of previous research. 
However in this work a slight modification was made 
in that 4 to 1 ligand to metal mole ratios were 
employed. It was felt that the predominance of eight 
coordination among the early transition metals”? 
might explain the apparent failure of other researchers 
to synthesize dithiolene complexes with these metals. 
Several of the procedures outlined in chapter 1 were 
attempted. For example, ZxCly, was reacted with toluene- 
3,4-dithiol in carbon tetrachloride, diethylether and 
tetrahydrofuran in separate trials. No reaction was 
apparent in tetrahydrofuran, while from diethylether 
an adduct between the solvent and Zrcl, was isolated. 
From CCl,, a dark red oil was obtained which in 
retrospect may have been Zr (SoC¢gH3CH,) 3Ho, but was not 
characterizable due to its polymeric nature. 

In another attempt, ZxCly was added to the sodium 
salt of toluene-3,4-dithiol prepared in anhydrous 
ethanol. An IR of the light-yellow product had an 


intense OH stretch indicating that hydrolysis had 


occurred. 
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Reactions according to equations 4 and 6 were also 


tried in a variety of solvents with ZrCl, without success. 


4 
Finally it was concluded that a more orderly approach 
Should be taken. One may observe that several of 

the reactions previously outlined are not straight- 
forward in terms of stoichiometry and oxidation or re- 
duction. Ideally, it was thought, eight coordinate 
complexes could be prepared by the reaction between 

a dithiol and a metal complex of the type M(B)y, (where 
Beis avdi protic base) in a4ato  xatio.gp Suchwa base 
seemed to be NR , which has the capability of reacting 
all the way to H2NRo*. The investigations of Bradley 
and Hammexsly~° into the reactions of M(NR4) 4 (where 
Mis Ti, Zr, or Hf) with alkylthiols, discussed in 
chapter i, showed that there was hope for the 

desired Sen if one paid attention to stoichiometry, 
auael tethesdithnitol was ssuffticiently acidice gSincesgno 
measurement of the acidity of toluene-3,4-dithiol could 
be found, the next best alternative was to try the 
reaction. It was soon found that reaction of toluene- 
3,4-dithiol with TIi[N(CjHs) 2), in toluene produced 

a black compound which has been tentatively formulated 
as [(C,H,) 2NH, 5 pi (SjCeH,CH,) 3 ,as ‘will soon be 


described. The realization that six-coordinate compounds 
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could be made from the metal amides initiated the work 
which will form the bulk of this thesis. 
' EXPERIMENTAL 
Throughout this work operations on performed 
under nitrogen atmosphere in Schlenk type apparatus. 
The basic procedures used have been adequately 
described by a number of authors, ©9762 Commercial 
nitrogen of 99.99% purity or better was passed through 
a heated column of BASF catalyst #R3-11 to remove 
oxygen and then through a column of Mallinkrodt 
Aquasorb, which is is on an inert base, to remove 
water. Tetrahydrofuran, toluene and ether were purified 
by distillation from flasks containing Na, K or Na/K 
alloy. | Acetonitrile and CH.Cl> were distilled from 


PiOce but Ces ee was first washed with concentrated 


2 
Ee and water and dried over CaSO). Tetralkylammonium 
and tetraphenylarsonium salts were reagent chemicals 
Greearcoreavout 15 hours at LOO'C. sand O.. mm Hg prior 
to use. Hexanes solutions of n-butyllithium were 
purchased from Foote Chemical Co., while toluene-3,4- 


dithiol was obtained from Eastman Kodak or Matheson, 


Coleman and Bell. 


Metal amides were prepared by previously 


published eroceddrers. ac. with the following 
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cautions. Although commercially available Nbcl,. was 
found to be suitable in the synthesis of metal amides, 


TaCl. was instead prepared from Ta metal and Cl 


= 2 


gas by the method of Ellis®/ or some other suitable 
procedure. 68 Also, the air sensitive Nb and Ta amides 
were difficult to transfer from a sublimation probe 
to a Schlenk tube. A special apparatus, which is 
essentially a Claisen condenser with a nitrogen 
inlet built into the side, at the top, was devised for 
this sublimation. The condenser-like apparatus was 
fitted to a flask containing the crude product and once 
sublimation was over, the flask was replaced by a 
Schlenk tube and the product was scraped down into 
the tube under Mest 

Sodium cyclopentadienide was prepared in the 
following way: inal 3=-neck flask fitted with an 
air condenser, N. inlet, dropping funnel and high 
speed mechanical stirrer with a large paddle adjusted 
to reach the bottom of the flask, freshly cut and 
cleaned sodium metal, 23 g, was added to70 ml of 
dry Toluene. The mixture was heated until the metal 
was molten, then vigorous stirring was commenced. After 


about 5 minutes, the heating was removed and the stirring 
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was stopped. The Na sand was allowed to cool to 

room temperature undisturbed and the toluene was 
removed by syringe and was replaced by 600 ml of dry 
THF, Next, 90 ml Of freshly distilled cyclopentadiene 
was added dropwise with stirring over a period of 

3-5 hours, with the resulting evolution of 

hydrogen and heat. Finally, 5 ml of cyclopentadiene 
was again added and the mixture was stirred an 
additional 12 hours resulting in a colorless 
solution. The flask was then fitted with a No inlet 
equipped with a vacuum stopcock and the dropping 
funnel, condenser and mechanical stirrer were 

quickly removed while a magnetic stirring bar was 
added. The solvent was removed under vacuum and 

the resulting white solid thoroughly dried. Benzene- 
1,2-dithiol was prepared according to the following 
modification of the method of Hunig and 

Fee nated Wa equation 10. 

The 1,2,3-benzothiadiazole was prepared as 
follaws;: s.bn.a.,. 12 i3—-neck,.flask fitted, with .a 
dropping funnel, thermometer, and mechanical 
SGLYEver saLOOmls OF hap sie aeeen ee was dissolved 
in 400 ml of glacial acetic acid and 40 ml of water. 
This mixture was cooled in an ice~-methanol bath and 
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SH Ss 
Nano, Ne 
> N 
Yi 
NH H+ N 
2 
cs_, 220° 
2 é 
Be BweTi « N, V 
SH Ss 
H+ OH= N 
—_- Gas 
SH S (10) 


SOlwCIOnPOLNOS G Of Nano, in 200 ml of water. Addition 
was stopped as soon as a persistant brown color was 
observed. The mixture was then stirred overnight 
followed by extraction with three 200 ml portions of 
CEOs The extract was washed with an aqueous 5% ENN) =. 


solution and dried over MgSO The solvent was removed 


4° 

with a water aspirator and the product was distilled at 

56° C and 0.1 mm Hg to yield 103 g (43%) of 1,2,3-benzothia- 

diazole as a low melting solid. From this point on, 

the synthesis follows basically the procedure of Hunig 

and Fleckenstein, given here for the reader*s convenience. 
The 1,2,3-benzenethiadiazole, 103 g, was dissolved 

IingocoOuml OL — and was transferred to a 2£ autoclave. 

The autoclave was sealed, flushed with Nos and finally 

pressurized to 350 p.s.i. with Nos The system was 

heated to AAGte F., causing the pressure to rise to 


Joes Scie pean es tinrringewas, continved at thas temperature 


for 5 hours while the pressure rose to 1000 p.s.i. 
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The system was then allowed to cool to room temper- 
ature overnight, the autoclave was depressurized, and 
the mixture of solution and solid removed. The solvent 
was stripped off the mixture leaving 86 g of crude 
product, 79% yield of benzo-1,3-dithia-2-thione. 

In a 12 3-neck flask fitted with a condenser, 
90 g of KOH was added to 700 ml of ethylene- 
glycolmonomethylether and the solution was 
degassed by passing dinitrogen through it. Next, 
55 g of benzo-1,3-dithia-2-thione was added and the 
resulting dark brown solution was refluxed for 3 
hours. The solvent was removed by steam distillation; 
the endpoint being signaled by foaming of the reaction 
mixture. The reaction mixture was carefully 
acidified with 125 ml of concentrated HCl (COS 
evolution) and the product was steam distilled over 
4.5 hours. The distillate was extracted with CH,Cl, 
and the extract was dried over MgSO, - The solvent 
was removed on a rotavap yielding 30 g, 70%, of the 
crude product, which was further purified by vacuum 


distillation to give 26 g of a colorless liquid; 


61% yield. 
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Preparation of the Complexes: 
Method 1, Direct Reaction 
((c,#.) NHL], Ti(SC.HCH,), 

TOIMene=3,74—01Th101».0)..762) g (0.00486 mole), was 
dissolved in 25 ml of dry toluene in a 3-neck 
flask titted witha nitrogen inlet padropping 
funnelysands magneticistirrere «Acsolutionyo£ 
Ti[N(CLH.) i), 0.407 g (0.00121 mole) was added 
dropwise from the dropping funnel resulting in the 
formation of a dark red-brown solution and a black 
solic. The reaction, mixture: was stirred for 24 hours 
with no apparent change and then refluxed for 
2 hours which caused more precipitate to form. The 
Plackesolia was collected by fil trationy togcive 
Ue iC EO Otabascdy ONati pe thessproductsamayybe 
recrystallized from mixtures of acetone and light 
petroleum ether in about 60% yield; mp 261-263 uncor- 
TecLed:. 

Anadgeecalcdsy Coe 526867- Hy e6.43geN5, 54-257 gTlvadeed, « 
PouncdueeG,u52~.07760',46.48e NN a4-2bgeTig ge24e 

This compound could also be obtained from reactions 
of Bamoleseof) toluene-3 ,4-dithiol with 1 molejof the 


amide, as identified by the IR, li-NMR and melting 


point evidence. 
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Method 2, Use of n-Butyllithium 
((c HH.) ,N], Ti(S,C.HjCH,) 4 
ATSOLUtion prepared by adding 2.5 ml or va “Le67N 
hexanes solution of n-butyllithium to 10 ml of 
THF, was added dropwise to 0.646 g (0.00415 mole) 
Clerelucue—o ,4-cLtiiol liso mietot THE Attar /2 
Nour, tom. Of a solution of°0. 428 g (0.00127 mole) 
of peg) 4 in 20 ml of THF was added dropwise 
to the reaction mixture. (Only the amount of the Ti solu- 
tion required by the stoichiometry of the reaction was 
added, the rest was discarded.) The resulting 
mixture was stirred overnight and then 1.099 g of 
oe was added directly. The resulting mixture 
was stirred for several days and then the solvent 
Was removed under vacuum and was replaced by 25 ml of 
We Llano. @ALLOKeStirringsrfor 1 hour, the reaction 
mixture was allowed to settle for 3 hours and the re- 
Suiting Dlack, microcrystalline solid “was "collected 
by filtration in the open. After drying under vacuum 
the yield was 0.257 g (33%) 3; mp 229-330 uncorrected. 
ADealLyeCalhcit. Cy Ole OS fei, 1 eo feN yg 3s O47 244956 
POM oe 3) elo, OV 64S I iy Fe Dg Vesey Nye tells 6053 
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(C,H) 40] Nb(S,CGH,CH,) 

The procedure used here was essentially the same 
as for Ti except that methanol was not used for the 
exchange. Instead 10 ml of 2 a was added to 
dissolve the crude product then 190 ml of ether’ was 
added and, ‘after brief stirring, a violet solid 
Was? flltered off .." The product was recrystallized by 
Gqassolvang it in 100 ml of CHCl, and adding 100 ml 
of wether, S8Arter- standing ‘for fotr ‘days’, violet 
crystals were collected. Two further crystallizations 
gave violet hexagons in 13% yield, decomp. 160°. 

Anais Calcae® "C7 55.60 H- 6.82; Ni 12/53 S, 24.103 
Nb, 11.64. Found: oe 92 Dos Ole, POs 0G ye Oso 115 
Niele OL 124 oe eas LL? 24.10; ND, 11.50, 11.29. 
Method 3, Use of Sodium cyclopentadienide 

[(c,H.) 4N] 5 H£(S,CgH,CH,) , 

Sodium cyclopentadienide, 0.508 g (0.00578 mole), 
an s20semisOteTHFewas added to 1.268 g (0.00815 mole) 
of toluene-3 ,4-dithiol in 50 ml of THF. Next, 1.23 g 
(0.00264 mole) of HE(N(C HS) a], in@20 mi or THF 
was added dropwise to the reaction mixture and the 
resulting orange solution was stirred overnight. 


Tetraethylammonium bromide, 1.23 g (0.00578 mole), 
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was added to the reaction mixture and after about l 
hour of stirring the solvent was removed under vacuum 
and the residue was thoroughly dried. The residue 
was stirred with 150 ml of CH, CN for 1/2 hour and 
then filtered to remove NaBr. By concentrating the 
filtrate under vacuum and cooling it in a freezer, 
1.234 g (55%) of an orange solid was obtained, mp 232- 
233° uncormected. 

Roaipmoel core 46404153) Hi 6 47 Ngo «LO, clie2lS. 
Bound s6C 446458, 048.48;4H , 6.36 pu.6- 5.4 paNow 3600,3.06; 
Spal a4 bat etl. 

Using similar synthetic procedures, the following 


compounds were also obtained. 
((C,H5) 4N) , Zxr(S,CeEH,CH,) 3 

Red crystals, mp 229-2308 uncorrected, 46% yield. 
BuawieeGal Cac) BC 954.567) HH, fe LSp iN, 346443 9S), 23462. 
Bounds eG > 4 o sot oy Hy 7n44, 72473 Ny 3569, 327303 
Se 2 2n Onde {joo hs 
[(CoH.) NJ > Zr(S,Ceu,), 


Red crystals, mp 227° 


uncorrected, 60% yield. 

bmale eCabcad 2) (Cyeo2 «84380 -¥6.< 7.83, No 3 563 75S, 924 59). 

Bounds eaG 7 95155.91, 653 oi et, 66,0955 oli IN, 3-68) S, 25.27, 
25.45. 

[(c,H5) 4N] 2 Ti(S5CeH) 4 


Black, crystalline solid mp 224-225'c uncorrected, 
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SOt yet tm Atal mm Calcd: C. 56.01; H, 7.197) N, 3.843 
Syme Os Tee hOUNG t= = C seo oe, OT) Het 7s OU FTN ScD 707 
S7 25784. 


(Cc H.) 4N] Ta(S)CgH3CH,) 5 


Dark brown crystals, decomp. 206s, OTs yield. 
Bia uemoe. COs, "40 5007) 1,4. 05s) Neel Gl so 24 OG. 
ROUMCmee peewee ity Sa eos eH gf aiOe pee OS FN fle 7 pele 2 7 
Der tla s Ol ps tao «tO s 
[((CgHe) gAs] Nb(S,CeHy) 5 

Instead of treating the residue with CH ,cN, 
it was transferred to a continuous extractor and extracted 
Wate Omir OL CHCl. Concentrating and cooling the 
extract gave violet crystals in 38% yield, decomp. 
Pia tertec et ected. Arlal oe Calca: =8C 7 850625 fh, sous 
gmc tite eee OUI) Cy DOO, DOs LI, SeGOs 6 OU; 
SeyrelatOy 216.0. 
[(C.He) ,As] Ta(SoCgH4) 3 

Instead of treating the residue PEN op I it was 
dissolved in CHCl, and filtered to remove NaCl. As 
before a dark-brown solid was obtained, decomp. 
220. View rea + eeeAnale CaLca: CC, 151.227 Hi, s.283 


Swe pias @EOundecy 505/58, 50.697 H, 3.22, 3.607 
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[(cH3) ,N]22x(S,CQH4) , 

Crystals of this compound were prepared for study 
by x-ray crystallography in the following manner: 
Sodium cyclopentadienide, 0.190 g (0.00216 mole), 
in 20 ml of THF was added to 0.00324 mole of benzene- 
LF 2eGethiolVinge20emilVctaTHEs wWrosthisdmixtuze ,MOt430Ng 
(0.00113 mole) of tetrakisdiethylamidozirconium was 
added in 20 ml of THF. After stirring overnight, 
0.231 g (0.00211 mole) of dry tetramethylammonium 
chloride was added. The solvent was then removed 
under vacuum and replaced by 50 ml of CH,CN. After 
stirring for 24 hours a brown solid and a brownish-yellow 
solution were obtained. The brown solid was 
filtered off and dried under vacuum, and was finally 
dissolved in 50 ml of CH, CN with heating. The orange 
solution was filtered hot and 30 ml of CH,CN was 
added to retard crystallization. After cooling to 
room temperature, the solution was cooled overnight 
in a refrigerator to yield a small amount of red crystals. 

The following compounds were also prepared for 
purposes of comparison: 

[(CgH.) 4As] Sb(S2C.H,) 4 
This compound was prepared by the method of 


4 
Gagliardi and Durst. ‘ Ahad .@CalcaieeC 7754.49) BH, 3.483 
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Sy rai 8 ar ae TPOMNC RC elo Sin Oo pet ss. 2 tog ee Ole 40's 
Mo(SjCgH4) and W(S3EgH3CH3), 

These complexes were prepared by the method of 
Gray,et. al. and were characterized by physical methods. 
Physical Measurements: 

Conductivity measurements were made at 107°M in CH,CN 
using a cell designed for work under inert atmosphere, 
Figure 3, and a Philips PR9500 conductivity bridge. 


3 


Molecular weight measurements were made at 10 ~M in 


CH2CN using a Hewlett-Packard 301 A vapor phase osmometer 


calibrated with benzil. Infrared spectra were 


mecorded ingthe region of 4000%t0 250 cm as 


mineral oil mulls and very thin KBr pellets on a Perkin- 
Elmer 467 infrared spectrophotometer. Visible and 


ultraviolet spectra were recorded from 10,000 to 


4 


40,000 cm 2 ona Cary Jf4eat LOe M in CHSGNweusing 


3 
various path lengths. LH-NMR spectra were recorded 

on a Varian Associates A60 or HA-100 or Perkin- 

Eimer R32, While 13¢ spectra were recorded on a Brtiker 
HFX-10. Polarographic measurements were made 

using conditions and apparatus similar to that described 
imdetain, bysHolm. ica yal. ./* Measurements in CH, CN 

3 Mawicn O.L M ( n ~C3H 7) ,NC1O as 


were made at 10. 4 
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7/25 Ground joints 
s 2mm Stopcock 
Cu wire 
lead | 
10mm OD. - 
| 1Ocm 
(4 


17mm OD. 
2mm stopcock x 


Stainless Steel Electrode 


<— 3¢m ——>| 


Figure 3: Conductivity Cell for Work Under Inert 


Atmosphere. 
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CHI CN was the same as that used for Sealey, except that 

the bridge was composed of silica gel impregnated with 
° Lay i l 

O.1 M ( C3H 7) ,NC1O, in ep cNs and the reference 

electrode was Ag | 0.1M AgCl10 


Oc Leer (anal ) gliclo 


a ony 4° 
The indicator electrode was a platinum bth eters 
rotated at a constant speed of 600 r.p.em. The 
electrode was pretreated with concentrated HNO, for 
Several minutes followed by water washing and soaking 
in acidic ferrous ammonium sulfate for several 

minutes and again washing with eee The electrode 
Was prepolarized at potentials slightly more positive 
than the wave of interest before sweeping through 

it from positive to negative potentials. All polaro- 
_gxraphic 1O4es.) O42 were made using a Metrohm Polarecord 
E261 with IR compensator E446. 

Results and discussion: 

As previously mentioned, the reaction between 4 moles 
of toluene-3,4-dithiol and 1 mole of tetrakisdiethylamido- 
titanium yielded a black solid tentatively formulated 
as [(C5H 5) QNH, J, Tils,c, H,CH,), (1). This assignment 
is based upon the elemental analysis, IR (Table l), 


and UV-visible spectra (Table 2). The IR spectrum 


conclusively shows the presence of the diethylammonium 
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Tables lupsinirared Spectra as KBr Pellets (cm ~) 


a lpete (Sc Ha : 


3200-2600s br, 2460m sh, 2360w sh, 1610w sh 


(GH) NH CH 
[ Qe 5' 2 3 
1575m, 1535sh, 1460m sh, 1449s, 1432m sh, 1389m, 1376m sh, 
1325vw, 1306vw, 1270m, 1246m, 1204vw, 1156w, 1132n, 

1107m, 1059m, 1037m, 867m, 803s, 773m, 7l2vw, 688m, 639w, 


Sos, ScLm, Atos, 395m shy,»385s, 356s, 338m sh. 


(cs) 4N] 5 Gite Gee sPs,) 

297m, 2910m sh, 2860mash, 1570w, 1535vw, 1480s: sh, 
1447s, 1390s sh, 1365m sh, 1300vw,,1270m, 1257w sh, 
Lean 2OD>Ywash ,71i18lm shy“1l1l70meellsow,,1105n, 
1078vw, 1041lw, 1032w sh, 1000m, 868m, 798s, 708vw, 


687m, 638w, 551m, 479m, 445m, 393w sh, 382m, 354s, 336w sh. 


((coH5)4NJ2 TA(S.C.H4), 

3095vw sh, 3040w sh, 2980w, 2950w sh, 2550vw, 
1544w, 1479s.sh, 1453s sh, 1434s, 1417s sh, 1392s sh, 
1369m sh, 1302w, 1272m, 1234m, 1181lm sh, 1170m, 1150w sh, 
1097m, 1046w sh, 1022m, 1002m sh, 928w, 85lvw, 786m sh, 
739s, 716w sh, 667m, 482m, 454w sh, 439w, 393m sh, 


379s, 344s, 272m. 
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Table 1 continued 


[(c,H.) 4N], Zx(S CC H,CH,) 
297 9M eo Loon, 2o00si, Los0w, 1480s iy 
1449s, 2392m sh, 1369m sh, 1302w, 1262m sh, 1245n, 
Places elt om, Lis2w, sh, 1109s, LOS2vw sh, 
POs/Mes eel OUom,sCoUMm, SOLS, 7LOVvw, GSSw, 637w, 


vvow, eS 70W, 443m, 3/9w, 322s. 


Leo, AEC CoH ais 

3090vw sh, 3035m sh, 2975m, 2940m sh, 2530vw, 1569w sh, 
15440, La/7S sn, 1453s sh, 2433s, 1416s sh, 1390s sh, 
Petes eel sOOW pelo CoOm, L2s2m, .Le60om sh, lleom, 1isow sh, 


1094s, 1040m sh, 659m, 479m, 440w sh, 370w, 320s. 


[(CoH.) N] QHE(S,CoHZCH,), 

2970m, 2940m sh, 2910m sh, 1575vw, 1475m sh, 
1446s, 1388m sh, 1365w sh, 1300vw, 1255m, 1242m sh, 
1179m sh, 1168m, 1125w sh, 1104s, 1030m, 1000m sh, 
863m, 797s, 707vw, 685w, 634w, 55lw, 473w, 


440w, 378vw, 3108S. 
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Table 1 continued 38 


[oc gHg) ,NJ Nb(S,CgH,CH,) , 

3025w sh, 2955s, 2930s sh, 2868m sh, 1579m, 1478s, 
1450s, .1380m,.1282w, 1243w, 1204w, 1150w, 1147w sh, 
1105vw sh, 1090vw, 1030w, 872m, 802s, 750vw sh, 737vw, 
710vw, 690w, 551w, 480vw, 442w, 398vw sh, 364m, 


337w sh. 


[(cgi,) sas] Nb(Soc,H,), 

3035w, 1570w, 1479m, 1434s, 1420s sh, 1334w, 
1308w, 1280m, 1233m, 1181m, 1160m sh, 1154m, 1127w, 
1096vw sh, 1078s, 1017w, 995m, 937w, 920w sh, 
847w, 740s, 687s, 665m sh, 615vw, 477s, 465 s sh, 


456m sh, 439m sh, 399m sh, 360s, 267m. 


((C2H.,) 4N] Ta(S,C.H,CH3) , 

3020w sh, 2960m sh, 2900m, 2860m sh, 1575w, 1479m sh, 
$4495, 1.392m sh, 1372m sh, L3s00vw, 1275w sh, 1262w sh, 
1248m, 1206vw, 1183w sh, 1171lm, 1145vw sh, 1135vww, 
1110m, 1033m, 869m, 8lls, 785m sh, 708vw, 689m, 631m, 


552m, 482w, 445m,-392wW,, 3398S. 


[(CgHs) ,As] Ta(S5CeH,)3 
3030w, 1563w, 1548w sh, 1477m, 1432s, 
1422s sh, 1334w, 1308w, 1273m, 1238m, 1183m, 1154w, 1122vw, 


1100w sh, 1079m, 1033vw sh, 1018w, 996m, 972vw sh, 
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Table 1 continued 
933w, 922w sh, 845w, 790w sh, 738s, 6835s, 
662s sh, 614vw sh, 478s sh, 465s, 435m sh, 388m sh, 


340s. 


Mo(S CH 
Ce 4)3 
3030w, 1520m, 1420m, 1306w, 1230m, 1160m, 1140w sh, 
1068s, 1017m, 942w, 844w, 740s, 671m, 476m, 435w sh, 


417w sh, 275m. 


W(S>C6H3CH3) , 
SOS IW Ao LOW, 2 COOW ish, 1565m, 1516m, 
1460w sh, 1441m, 1372w, 1305vw, 1260w, 1242w, 1202s, 
L152w sh, 1078s, 1030m sh, 950vw, 866m, 800s, 
7O8vw, 692m, 650vw, 546m, 487w, 442m, 406vw, 373w, 


337w. 


[(C.Hs) ,As] Sb(SC Hy) 3 

3035m, 1572vw, 1543w, 1481m, 1437s, 1418m sh, 
1337w, 13llw, 1260m, 1243m sh, 1185m, 1163w, 1157w sh, 
2095m Shy 108is;,.1038w sh, LO21lw, 998s, 972vw sh, 
930w, 847w, 740s, 688s, 657msh, 6l6vw, 479m sh, 


467s, 433w sh, 348s. 
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Table 1 continued 
Carel Nee 
( 2 5) 4 
2980s, 2880m sh, 1460s, 1410s, 1410s, 1380m sh, 
131l6m, 1248w, 1184s, 1082m, 1027s, 1005m sh, 890vw, 


870vw, 7988S, 740vw sh, 630vwW, 474vw. 


C.H3CH3 (SH) 5 
3054w sh, 3024w sh, 2954w sh, 2925m, 2869w sh, 
2740vw, 2541m, 1892vw, 1820vw, 1743vw, 1594m, 
T4171 VW eos, 21393m sh, 1s20vw, 1273n, L2lesw, 1isiw 
1129m, 1002vw, 972vw sh, 929w, 870m, 8078S, 


698w sh, 668m, 633w, 543m, 436m. 


CoH, (SH) 5 


3064m, 2544m, 1598w sh, 1575m, 1565w sh, 1457s, 
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sh, 


1433s, 1408w sh, 1363vw, 1270m, 1165vw sh, 1120m, 1048m, 


‘101l2vw sh, 931m, 858vw, 748s, 662m, 435m. 


i Bo As it 
6 5) 4 


3045m, 3005w sh, 1625m, 1575w, 1475s, 1437s, 
1338w sh, 1312m, 1278vw sh, 1260w, 1182w, 
1159w sh, 1080s, 102lw, 995s, 927vw, 88lw, 852vw, 
800w, 754s, 740s sh, 688s, 614vw, 510m sh, 480s sh, 


467s, 364s sh, 347s. 


, ee age sages sROLEE <oagn ae 
Ga aR BEOOE,- ,atson .mogOr Shee: 
wveNh mee ,de wroat see a 


3 
vile wesas ,meses ce whee ss itis whSoe ite. 
~aheet wt ORt wvOS3L veveget ether 
Ha shone Fare ymerst ,wvOSet de mESeL ,BSOR£ at 
<et0s. mots ,wese de wvere woRCOE yh 
deb cathe whee 0808 ates ea 


cateks. ,de wedet \mat2l , da wReETmhees 
 ~mithot os ci te aveagt smONS } eure net oie mre 


~mdee  »ortoa ore wens ,mLee vie 


| Be a 44h) 
yRredt yeerar means «melat , da weooE 
,wSBLE ~woact Ae wy8TSS “a ph 

cHwS28 qwIOe cMvFSe .azee .wESOL AOR Ta te 


pe. a 9088 fle MOLE \wELe .n808 ute aise 


, a 


39 


Table 1 continued 
CoH SNS 1 
ed 4 
2990s sh, 2950s, 2870s sh, 1465s, 1452s sh, 1404m sh, 
P395m, 1379m, e1s62mesh, 1322w, 3lowi sh, ¥239w, 
1179w sh, 1164m, 1108m, 1066w, 1055w sh, 1038m, 


989w, 921m, 895m, 879m sh, 794w, 736m, 532w, 400VwW. 


exey: w, weak; m, medium; s, strong; br, broad; 


v, very; sh, shoulder. 
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cation, and when compared to the later prepared 
tetraethylammonium salt it was found to be essentially 
identical when the differences due to the cations 

were taken into account. The region from 700 to 

250 cn) is particularly important for comparison, as 
this usually encompasses the metal ligand vibrations. 
The UV-visible spectra were also found to be independent 
OLechescacvion.. A Li-NMR of ethe product, arabes. was 
obtained with great difficulty due to its low 
solubility in suitable solvents. The resulting 
integration seemed consistent with formula (I), except 
that the N-H signal could not be located. This 

problem is not surprising since, due to Tey 

quadrupole broadening, it is difficult to locate this 


Signal in (Cou 2NH Cl, which is considerably more 


5) 
soluble. Also, a spurious peak was observed 

between 3 and 4 ppm downfield from TMS, which varied 
in position and intensity depending upon how well the 
solvent had been dried or whether or not TMS 

was added. Although this spurious signal could 
concievably be assigned to an S-H group, its 


variable position and intensity suggest that it is 


an impurity. Another disturbing fact about (I) was 
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its conductivity (Table 2) which in several solvents 
seemed more characteristic of al tol thana 

gps ae 
2) to J@ electrolyte. Similarly, a molecular 
weight of 334 was obtained in CH,CN which is clearly 
consistent with 330 expected for alto 1 electrolyte. 
However, concentration studies of the conductivity 


in AN and CH,NO Table 4, gave non-linear 


2° 
plots of the molar conductivity versus fc thus 
Suggesting that the low conductivity is a result of 
ion pair formation, The formation of ion pairs in 
this system would not be surprising as the cation 
could readily form hydrogen bonds to the anion sulfur 
atoms. However, it must be admitted that the 

product could! actually be al to 1 electrolyte such 

as ((c,H.) ,NH, J Ti (SoCgH,CH3) , (SCeH,CH,SH) (HN(CoH<) 5) 
which would contain two bidentate ligands and one 
monodentate ligand, with one dangling S-H group, 

and the sixth coordination site would be occupied by 
diethylamine. The somewhat more convincing nature of 
the IR and UV-visible evidence persuades us to 

favor (I) for the present time. 


A reaction analogous to the above Ti reaction 


was also attempted with Zr, but the resulting red 
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oil could not be obtained in crystalline forn, 
nor could it be completely characterized. 

Under the assumption that formula (I) was 
correct, and because of the difficulty encountered 
with Zr, it appeared worthwhile to investigate 
Slight modifications of method I in order to 
produce six-coordinate 1,2-dithiolene complexes. 
Clearly it was desirable to avoid the diethylammonium 
cation and this could only be done by finding 
a strong base to initially remove two protons 
from the ligands as shown below: 

9 EBay BH SCE Els CH a a 


3 


2at(SC_H 


bal 
é 3CH3SH) + (HS) ,C_H3CH + 2HB (lr) 


3 

Reaction of the resulting mixture with a metal 
tetrakisamide should result in the desired 
complex with At as counter 2ONn, 1.6.6 A NS Ae eh 
In early trials using n-butyllithium as the base, 

it was soon discovered that such a procedure (method 2) 
would work, although it worked well for only 

the very stable Ti and Nb complexes. The system 


was finally perfected when it was discovered 


that sodium cyclopentadienide, a reagent 
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readily available in good purity, could be used for 
preparing sodium salts of the ligands under 

totally anhydrous conditions. The sodium salts 

were also found to have the advantage that the sodium 
ion could readily be displaced in acetonitrile 

by addition of a tetraalkylammonium or tetraphenyl- 
arsonium chloride or bromide with concomittant 
precipitation of NaCl or NaBr. Thus, the general 
reaction of method 3, shown below, was developed. 


Gynec > 


Ae Oe Pet om So) atl) Cre He 


PAM ge | 


M(NR,), + (6-x)NaHS 


N M(S,C-H,CH3) 5 (12) 


a 
(6=—-x) 2 Ones 


(where M=Ti, Zr, and Hf,; x=4 and M=Nb and Ta, x=5) 
Several general comments about the procedure must 

be made. First, although the tetraalkylammonium 

halides are largely insoluble in THF, it was 

evident that some exchange took place even 

under these conditions and so the practice of 

starting the exchange in THF was followed, as the 

tetraalkylammonium salts of the complexes 

appeared more stable than the alkali metal salts. 

Also, strict adherence to the stoichiometry 


of the reaction is obviously necessary as is the 
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exclusion of moisture, since most of the solutions are 
moisture sensitive. The 1 to 1 electrolytes were 


reasonably soluble in CH5oCl., and slightly soluble 


2 
an CH Cn, but the Ta complex decomposed in DMSO. On 
the other hand, the 2 to 1 electrolytes decomposed 
in CH5Clo but were stable in DMSO and CH,CN. 

The conductivity data, Table 2, do not require 
comment since values were clearly within acceptable 


75 
ranges. 


The 1u-nMR spectra, Table 3, were also consistent 
with the proposed formulations and are essentially identi- 
cal to their main group EOnaatere a implying that the 
complexes are diamagnetic. The triplet of triplets 
observed for the SUL EEN of the ethyl groups in the 
tetraethylammonium salts arises from coupling to the 
nitrogen (I=1), while the ae protons display the usual 
quartet due to the relaxation of the N-H coupling by the 


veSrerles This N-H coupling observed for 


nitrogen quadrupole. 
the methyl groups is only seen in compounds where substi-~ 
tution about the nitrogen is highly symmetrical. 

For further discussions, it will be worthwhile to 


consider recent structural studies carried out upon a 


number of the compounds reported here. 
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THOUMOLS CH) and Nb(S CH . 
2eGenG ( owe 423 complexes are 


trigonal prismatic, Sey is distorted from 
trigonal prismatic geometry, and BAGS feb and 
SUT CH) a are close to peace eacul geometry. 

yee SE ge! 
Finer points of the geometry of these molecules will 
be considered in the next chapter. 

Since the geometry of Zx (S.C H4) 4” was close to 
octahedral, the LieNMR of ax (S CoH CH), was studied 
because this stereochemistry should possess non-equivalent 
ring methyl groups. For octahedral geometry, one 
Signal is predicted for the isomer with all methyls cis, 
and three signals due to the isomer with a cis, cis, 
trans arrangement, yielding a total of four peaks. 
However, the ring methyls displayed only one signal, 
and the solutions have not been cooled due to the low 
solubility of this complex. A ; C-NMR was obtained to 
take advantage of the larger chemical shift differences 
expected for this technique. However, the ring methyls 
remained a singlet thus implying that there is either a 
very fast rearrangement occuring at room temperature, or 
that the all cis isomer is the only one present, or that 


the appropriate chemical shift differences are too 


small to observe. 
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Although infrared spectra were recorded from 
4000 to 250 Been Table 1 and Figure 4, aside from their 
use in characterising the complexes, little structural 
information could be derived from them. The 
spectra are similar to the previously reported 2 to l 
~s a lepe but strong coupling within the ligand 
system makes their interpretation difficult. If 
a total assignment of the various modes of 
vibration were available, it might be possible 
to correlate observed shifts with the amounts of 
dithioketone or dithiolate character of the ligands, 
as has been done for the simpler ethylenedithiol 
fesivativess. In the absence of such an 
assignment few conclusions can be made. The metal- 
sulfur stretching region of the spectrum does 
permit some correlations to be made however. In Table 
5 and Figure 5 it may be seen that a change in 
geometry from trigonal prismatic to octahedral is 
accompanied by a reduction of the number of M-S 
vibrations, a shift of these vibrations to lower 
energy, and an increase in the intensity of the 
vibrations. The change in the number of vibrations 


is not surprising since symmetry arguments predict 
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Table 5: Metal-Sulfur stretching Prennenn cs ae Se 
[(eo8.) NH), msc HA CH y 393w sh, 382m, 356s, 
CHER E ECHO 
[(c Hw.) ,N], TI (S,CQH{CH,) , 292wW suv, 382m, 3545, 
336w sh 
[(coH.) ,N], TE(S2CgH4) , 392m sh, 388s, 343s 
[((c,H5) 4], BoE 2 Ei A Oe 379w, 321s 
[CoHs) ,N],2r(S,CQH)) 378w sh, 370w, 
Su9VS, 304sh 
[((c,8,) 4N], HE(SC HCH), 377 vw, 311s 
[(C oH.) ,N] Ta(S,C, HCH), 392w, 339s 
[(cgu,) ,as] Ta(SjCgH,) , 391m, 370-320s° 
[(coH.) ,As] Nb(S,CgH,) 399m sh, 360s, 340sh? 
[(C,Hg) ,N] Nb(S,CH,CH,) 398w, 364m, 336sh 
a 
CH As] sb(S_C_H 340s 
L¢ 6 5) 4 J (S5 eee 
@this region obscured by (CoH) ,As se 
brey: W,Weak; mM, MEédium;s, Strong; Vv, very; Sh, shoulder. 
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Far IR Spectra of 
Benzene -1,2-dithiol Complexes 


ma Ay \ 
[$4As]Nb(bat), wf 


[EtyNI_Ti(bat), Wey 


[¢4As] Ta(bdt), 


[EtgN], Zr(bdt), * 
+ 
[¢4As] Sb(bdt), 
eed see | | ee | eee 
600 500 400 300 cm’! 


Figure 5: The Metal-Sulfur Stretching Region for 


Several Benzene-]1,2-dithiolato Complexes. 


(+ indicates metal-Sulfur Stretch) 
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two bands for Doh and one band for octahedral symmetry. 
The actual symmetries of the complexes are much 

lower, and thus the actual number of bands 

does not seem to have any significance. A 

problem with the above correlations arises 

in the Ti complexes which although octahedral display 
metal-sulfur stretches almost as high as Nb, 

but as will be seen later this is not the only 

place where the behaviour of complexes of 

Ti seems to be anomolous. 

As pointed out in Chapter 1, the electronic 
spectra may often be of great use in predicting the 
geometry of 1,2-dithiolene complexes. However, not 
all of the compounds isolated in this work gave 
spectra indicative of trigonal prismatic 
geometry. Instead the observed bands shifted to 
higher energy in the manrfer;: 

Tiesto te hap NDS a, NOLS Nb SZ yr and WS Tals ot. 
Bennett pointed out that this is just the order in 
which the central metal d-orbital energies vary, 
while analyzing the results of a structural 
study of the Mo, Nb, and Zr sateen : 


While this may not appear to be the proper order 
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56 
for the metal d-orbital energies, it must be 


remembered that complexes as covalent as Ticl, may have 


an effective atomic charge as high as ant wets Thus, 


the effective atomic charge in these cases may be as 
high as +1.5 to +2.0, and the third ionization 
potential of each metal, Table 6, may be used to 
obtain a rough ordering of the d-orbital energies. 

As expected, the ionization potentials increase 

in the same order as the observed stabilization of 
the metal d-orbitals. It is then interesting to note 
that Schrauzer and Gray have assigned the lowest 
energy electronic transition to essentially ligand 

(7 )——> ligand ( ™ *) and ligand ( 7 y) ——> metal 
(2-2, dxy) transitions respectively. While the 
lack of metal ion dependence of the spectra of 
stilbenedithiol complexes thus far isolated seems 

to be consistent with the assignment of Schrauzer, it 
is obvious that the spectra of the benzenedithiol 
complexes behave in a manner more consistent with 

the results of Gray. The correlation of electronic 
spectra with metal d-orbital energies then suggested 
to Bennett and Cowie that the structural changes 

they had observed in their isoelectronic series: 


H ) and zr(S CH 
4)3° 6 4)3 2 6 4)3 


might have been brought about by the destabilization 


Mo(S C_H Nb(S Cc 
2 6 2 


od. 3uem at Peer tgtidze-6 insen 0@ 9 Hid (a 


nn 


eved yan , fet #5 #asfevoa es eexsigaoo salt pane — 
, avait “hg, (+25 dpitd ss aitiagin winndie evisosite « 


es od yYém @oes> oeeds oi sotedo siaods evatoatio ait 
es 


solfssinol brid off2 tne \O.8+ of @424 Oe -_y 


of Beau ed yaw .) sidst ,lstee dose 0 lets y 
a3 


i, 


ateinpxsas tetidzo~b ods 20 nikrenno aguest & ee 
7 
a 


Fat 
to aoisautticdash pare ade oat a8 iobxo emse on2 — 


ease rpal sisidjnasoq aoisssinot els , besoeqxs Bice’ 


eton of pnitzetetai mais ai tI .eievidxo-6& sateen axa 


tzewol 6a3 boenrtaes syed alata has sesue td? ads. 


baspii yilsisaseae of rottienayd sinozsoele ‘Xeteae— 
Qe 


isjon<——({ 7 ) boapil Sas (= T )} Saspet arp ie! 


et, ot taw .yTevitasqaex eactytaness (yxb Heth 


J 


vt 36 stage ott Yo sonohasiges mot lndom to toet : 
= e58 - 
paises botetozi 28% and eexb (gman loids Lbemediise 7 
. ee a 
22 cusaanzdoe to $n2 aoplisaes ads Aske Jastatenso 7 
ee 


lotdzibemssaed ot to stzosqe ed? sade a 


Adiw taestetance’ S108 198nem 6 HE ‘od ‘pexedg < 
a we 


oinoxsosle to noiteloxtxop eit .¥sa0 30° ative xe 


besusppve ait asiprenas [stidxo=-h {stom adi su 


=e 


S 
.eepasds isaussovite oft gedd aiwod bas stonaes « 
a oinordos facet xios ad we 

2 
oh 85% yas bas > 24H rely! 
‘mokiesilidnseob eds yd 00a fer aeod 


¥ ~ 


7 
wp 


Table 6: 


Metal 


Hf 


Nb 


Re 


Ionization Potentials82 

I rT LIZ IV 
6582n813258 27.49 43.26 
6.84 13.13 22.99 34.34 
7.0 14.9 23.3 33%3 
6.74 14.65 29.31 46.71 
6.88 14.32 25.04 38.3 
TU oGie) "AM 22 33 
6.766 16.50 30.96 49.1 
7.099 16.15 27.16 46.4 
7.98 18 24 35 
7.88 17 26 38 
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of the d-orbitals which would destroy delocalized 
bonding with the ligands, Figure 2. The prediction 
that destabilizing the d-orbitals should favor the 
octahedral geometry had already been made in 

the calculations favoring a ogo -bonding see Sas 
However, since a complete molecular orbital 

diagram was not given, it was difficult to say 
what effect the d-orbital energies would have 

upon the electronic spectrum. 

Comparison of the electronic spectra of the 
series Nb(S,C Hy), Ta(SCoH4) and Sb(S,C.H,) 3 
Showed that it might be possible to test the 
relationship between d-orbital energy and structure 
by obtaining the Ta and Sb structures. The 
spectra of the latter compounds clearly indicate 
a distortion from trigonal prismatic geometry although 
the overall charge and metal ion size for the series 
are essentially constant. The structure of the 
Ta complex, to be described in Chapter 3, was not 
trigonal prismatic thus verifying the importance 
of the proper matching of metal d and ligand 


orbitals before trigonal prismatic geometry can 


occur. 
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In the converse argument it seems that the Ti 
spectrum is indicative of trigonal prismatic geometry. 
The fact that the Ti complex did not turn out 
to be trigonal prismatic shows that one must 
exercise caution in the interpretation of spectra 
of the first row transition metals. For some 
reason dithiolene complexes of these metals have 
spectra which are shifted to much lower energies 
than the analogous second and third row compounds. 
However, the prediction of trigonal prismatic 
geometry for Ti might also have been made from the 
metal sulfur stretching frequencies in the IR. 
Again, the stability of the Ti complexes, which is 
more like the Nb complexes than those of Zr, seems 
to indicate strong metal-sulfur bonds. It is possible 
that the high charge on the Ti complex is the 
cause of its octahedral geometry. On the other 
hand, the possibility that the first row transition 
metals strongly favor octahedral geometry because 
of their small size is certainly very real. 

Recognizing the importance of the proper matching 
of metal and ligand orbital energies and the fact 


that an increase in the former may produce 
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distortions from trigonal prismatic geometry, 

it is interesting to ponder what effect decreasing 
the ligand orbital energies would have. Certainly, 
such a change must also produce distortions? 

If one accepts these arguments, it is not at all 
surprising that w(mnt).°", Mo(mnt) ,~~ and v(mnt) ,*", 
where mnt=maleonitriledithiolate, all have 
geometries intermediate between the trigonal 

prism and octahedron. It has been previously 
suggested that the high charge and additional 
electrons in these complexes are responsible for 
the observed Aerincrw aera The study of complexes 


such as Be eree. or Mo(S,C,Ph, ie 2- would be 
a great help in clarifying this Lee, The 
present reasoning favors trigonal prismatic 
geometries for these two compounds due to the 
somewhat higher orbital energies of these ligands. 
Finally, some attention should be paid to the 
polarographic results in Table 7. The limited 
redox behaviour of the new complexes is consistent 
with their being more like metal dithiolates than 


adithioketones, as a result of the high d-orbital 


energies of the metal. As dithiolates, reduction 
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Table 7: Half Wave Potentials for Reduction RpenteeY 


Cc 
CH, CN cH Cl, 
[(c,H,) ,N]> Ti(SCoH,) , oe al a 
(CH Mime or (Sec en CH -1. 
[ 2 ae ie x ( shes 3)3 asap a 
d da 
H - 
(ace 5) 428] Nb(S,CH,) , a 0.38 
d da 
(cous) As] Ta(S,C Hy), --- -0.71 
M e aay e 
o(S,CeH,) , 0.366 
--- -0.232 
[(C.H,) As] POC BA --- a 


a : 
No redox behavior observed 


bpotentials are relative to a Agj|0.1M AgClo 


(n-C3H,) ,NCLO 


“potentials are relative to a Ag/0.41M (n-C,H,) ,NPF 


4 


4? OB) og dhe 
reference electrode. 


6° 


0.05M (n-C,Hg),NI, saturated AgI as reference 


electrode. 


a - - es 
Corresponds to M(S,C.H,) 3 +e —> M(S5C Het) . 


6 4° 3 


“Corresponds” to’ M(S.ClH ) Cees RASS M(S,C oH ) at 


mC aes 4° 3 


+ che Ti and Zr waves were highly irreversible, but 
the Mo, Nb and Ta waves were nearly reversible as 
determined by plotting the log i/(ig-i) vs. E. 
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becomes more and more unfavorable since electrons must 
be forced into vacant molecular orbitals which become 
more and more metal in character, while at the 
Same time the metal orbital energies are increasing. 
Thus, the reduction potentials should become more 
negative in the order: Mo< Nb< Zr and Nb< Ta; 
just as they do. What then is the problem with Ti? 
The observed potential, in contrast to the IR and 
UV-visible spectra, is:certainly consistent with the 
fact that this compound has a structure very similar 
to Zr, but the highly irreversible character of 
the reduction waves for both metals leaves some 
doubt as to what is happening. At the same time, one 
may wonder why no oxidation waves were observed 
for any of the complexes. In answer to this, it 
must be pointed out that the only 3 tol 
dithiolene complexes ever to be oxidized below the 
18 electron configuration are those of V; thus 
the lack of oxidation observed here should 
not be considered surprising. 

It is readily apparent, then, that while 
the synthesis of 1,2-dithiolene complexes of 


the early transition metals has answered some 
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questions, many new questions have been raised 
which require further investigations. Certainly 
the new synthetic route described here should be 


of value in these and other investigations. 
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CHAPTER 3: THE CRYSTAL STRUCTURE OF TRIS (BENZENE- 


1,2-DITHIOLATO) TANTALATE (V) 


The observation of trigonal prismatic geometry 
in complexes of 1,2-dithiols and 1,2-diselenols 
has presented a strong impetus for the investigation 
of structures of tris chelate complexes. An eluci- 
dation of the factors which stabilize trigonal prismatic 
coordination has been the objective of many of these 
investigations and some answers have been found. 
Studies involving ligands of various bite sizes 
seem to be in agreement with predictions that small 
bite sizes favor trigonal prismatic Misc = Also 
it has been observed that ligand constraints can 
be utilized to impose this geometry upon the metal, 
but the role of ligand field stabilization energy 
in stabilizing octahedral geometry cannot be 


overlooked even in these ey ppe ade 


Oddly 

enough, complexes of 1,2-dithiols and 1,2-diselenols, 
for which trigonal prismatic geometry was first 
observed, appear to be the least well understood 

in respect to the forces stabilizing trigonal prismatic 


geometry. Both Gray and Schrauzer have pointed out 


that S-S bonding and highly delocalized bonding 
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between the metal and ligand 1 orbitals are 
important, but the relative ordering of these 

and other factors such as strong 0 bonding, 

the overall charge of the complex, the metal ion size, 
and the ligand field stabilization has not been 
established. The problem is basically due to the 
lack of systematic studies in this area. The 
synthesis of complexes of dithiols with the 

early transition metals has provided a basis for 

more orderly study, thus Bennett and Cowie have 


investigated the isoelectronic series of compounds 
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pea gS 


Mo(S,CgH4) Nb(S,CoH4), « and zr(S_C 
The Mo complex was trigonal prismatic, Figure 6, 
the Nb complex is a slightly distorted trigonal 
prism, Figure 7, and the Zr complex is approaching 
ocahedral geometry, Figure 8. Accompanying the 
gross geometrical changes in the series, the 
variation of several bond lengths in a systemic 
fashion was noted. In particular, it was evident 
that a variation in the amount of delocalized 
bonding was occurring. The S-C bond lengths of 


the benzenedithiolato ligands underwent an increase 


oO 
from 1.727 Rin Mo, to 1.746 Ain Nb, to 1.765 Ain 
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Figure 7: A View of Nb(S,CoH,) 4 ° 
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; 2- 
Figure 8: A View of Zx(S jC Ha) 3 
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Zr. These changes could be interpreted as an increasing 
importance of the dithiolate (SogH,*) resonance 
form in the order Mo<Nb<Zr, and it was even 
Suggested that the dithiolate form dominates in Zr. 
Unfortunately, the limitations of the structures did 
not permit high precision in the C-cC bond lengths 

in the ligand systems so that the same trend 

was difficult to observe in these bonds. Nonetheless, 
Bennett and Cowie suggested that the observed 
structural changes resulted from an increase in the 
d-orbital energies of the central metal ion 

which consequently destroyed the highly delocalized 
bonding in the complexes. While the trend observed 
for the M=-S bonds is consistent with the o -bonding 
model, without a complete calculation of the 
BonGgseor the ligand system it is difficult to 

say whether this model would reproduce the observed 
trend in C-S bond lengths. At the same time it 

is obvious that other factors could be operating 

to disfavor trigonal prismatic geometry. The metal 
size was evidently increasing from Mo to Zr which, 
combined with the higher overall charge of the 


complex, would result in diminished S-S bonding 
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which favors the prism, Indeed, a rapid increase 

in interligand S-S distances was observed for the 
series. However, Cowie pointed out that the 
interligand S-S distances in the Nb complex, 3.232 ne 
are longer than in any previously observed trigonal 
prism and are even longer than in the near 
octahedral Mo[S.c.(cN).]37 - Further it may be 
pointed out that the expected increase in the M-S 
bond length from Mo to Zr based upon ionic raadii?® 
would be 0.12 A, while the observed increase is 

about 0.17 . Thus it seems that the interligand S=S 
bonding may not be the major factor in stabilizing 
trigonal prismatic geometry. 

Based upon spectroscopic evidence, we observed that 
the series of complexes: M(S,CoH,) 5. (M=Nb, Ta, Sb), 
should show a distortion from trigonal prismatic 
geometry in the order given. Because the central 
metal ion size and overall charge of the complex 
remain essentially constant for the series, this 
observation has an important bearing on the point 
raised by Bennett and Cowie and on the question of 
prism stabilization by 1,2-dithiols. Furthermore, the 


reliability of predictions based upon spectroscopic 
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evidence has recently been called into question by 


2= 


8 


the study of the closely related Mo(MNT) 7 and W(NMT) , 
where MNT= maleguitrileditniolrares |. “Despite the 
spectral differences of the two compounds, they were 
found to be essentially isostructural. Thus, 

we had an additional incentive to examine the 

structure of at least the Ta complex. 


Experimental 

[(c H.) ,As] Ta(SCcH,), Data Collection 
Dark brown crystals were prepared as described 

in Chapter 2. Weissenberg photographs using Cuka 

radiation and precession photographs using Moka 

radiation indicated 1 Laue symmetry with no 

systematic absences. Least squares refinement 

of 24 reflections with 35° oS 2) Uae 50° (Moka e 

AX = 0.70926 A), automatically centered on a 

Picker automatic four circle diffractometer, 

yielded the cell dimensions and errors a=9.442(1), 

b=9..752(1), ¢o211.872(2), a=77.37(1)% B=71.20(1), 

_Y = 74.23(1) and V=985.40 re The calculated 

density based on a formula weight of 984.98 a.m.u. was 


1.66 qemt x for one formula weight per unit cell 


compared to 1.67(2) g-mil + by flotation in a 


4 


“a mento tes atten i dee 
“* pce bas” *) Critiom err ylaseis at os 


‘vas 


ot sotquea: £ avalondsibetixsindelan = er 


aay eel  whiuogaee ows oil oe cosno7eR3 hh £85 
aust -ieuusomnsagas yiisiitesse os ot 


eds dakente ot ovitasont faders bbe = 


bedixsasb as ‘peraatta otew alsteyne ee: ee ae 
2 ALD ictal exqaxpetota prednessiow at 


2 Mon pakay sti(axpodoula nokeseserg Lead re 


on. ddiw exdoamye opted r potsotbak —_ t 
> =P Mi De 


‘sehded es asian pale +epsa . eonnesds te 


; exam) ye > Os > Cae ddee saohsoedton ® 
s aio bez02n39 vito itendsae ya acai’ ‘= | 

| tegsaoson2tt i» etedty ee oi danosan 304 Pr 
: (1) Shbsees stoxss on doesent Lies yy biel . 
VUE) 06060" 3. Siryve. yt (ti ste, Etee ¢ Ri aT. ead _ 
bere luntes ‘ede .*e ob. 2eenv i 7 a 


25 Hele & sesbee to ae den sfyaxo2 & no 
“Eteo. siau 19g dapiew ehumxo2 ene ae ® 
‘pnt aitiendo yd “imap (sytad oo 


72 


mixture of ccl,, 


oie Thus due to the lack of a 
center of symmetry in the tetraphenylarsonium 

group, it seemed that the space group must be P.. A 
cell reduction by a known method? was: attempted but 
the cell chosen was found to be a reduced cell. 

The crystal fragment used resembled a distorted 
Square pyramid with an overall height of 0.284 mm; 
the crystal faces were approximated by {0,1,1} ; 
poatiy HU pg eps ei Cog Cede tna Speak Lj2;2) and $72,202. athens 
Sity data was collected using Moka radiation 
(A = 0.71069 aA)?2 and a coupled 29 = W scan 
technique with a 28 scan rate of 0.5 2.4 and a 
28 scan width which was corrected for at a? dis- 
persion. Stationary background counts were made for 
40 sec at each end of the scan range. A set of 3 
Standard reflections was collected every 50 reflections 
and an additional set of 10 standard reflections was 
collected every 12 hours, but no evidence of 
decomposition was observed. 

On a total of 3700 reflections with 28 < 50° 
collected, 3532 or 95% with Tenet 230 (I) were 
considered observed. Standard deviations were cal- 
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culated using a “p factor of 0.03. Two 


reflections at low angles, 0,0,1 and Seaheal, were 
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rejected due to unusual background counts. 
Solution and Refinement of the Structure 

From a Patterson map.94 two possible As positions 
consistent with the Ta at (0,0,0) were readily 
apparent, one at (0.426, 0.393, 0.433), and the 
other related by a center of symmetry. Not knowing 
which enantiomer was correct, the former position 
was arbitrarily chosen as a starting point, 
and the scale factor was subsequently refineg 9°797 


1 


Fourier at this point revealed 12 possible positions 


leading to R,=0.291 LES ASE. A difference 


for the sulfur atoms, two pairs of which were 
barely resolved. The above positions were 
separated into two groups of 6 positions by 
arbitrarily choosing one as a starting point and 
eliminating the position generated from this by 

the false center of symmetry. In this way, two sets 
of 6 chemically reasonable sulfur positions were 
generated. One set seemed to be more intense than 
the other and this was chosen for further 
refinement. One cycle of full matrix least 

squares refinement with the Ta, As and 6S gave 
R,=0.175 and See However, the thermal parameter 
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of one sulfur atom was anomalously large and was sub- 
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sequently lowered for an additional cycle of refinement. 
This sulfur atom again exhibited a high thermal 
parameter and so was removed before calculating 
another difference Fourier at which time aie and 
Beil? Bie This Fourier map revealed the correct 
position for the remaining sulfur as well as the 
positions of the eighteen benzenedithiolate 

carbon atoms. An additional cycle of refinement — 
Sia? acu the new atoms gave So EE and Ri 70.152. 
Another difference Fourier was needed to locate 

the tetraphenylarsonium carbon atoms. Including 

the tetraphenylarsonium phenyl rings as rigid bodies 
and adding anomalous dispersion correctionsl00 
yielded R, =0-071 and R,=0.082 after two cycles of 
refinement. Due to the highly irregular shape of 

the crystal fragment and the fact that y= 

39.68 ent, an absorption correction was made on 

the basis of an experimental Phi scan. Transmission 
factoussvaenied: from 0.637 3to 0.736. An additional 
cycle of refinement gave i eal UNS and R,=0-081. 
Changing the enantiomeric form followed by two cycles 
of refinement yielded R =0.061 and R,=0.073 


a) 2 
which is a significant improvement at the 0.005 
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confidence level by a Hamilton R-factor test.1° 
Adding all the Hydrogen atoms as rigid bodies with 
temperature factors 10-15% higher than the 
carbons to which they are attached and not 
refining their positions gave R,=0.059 and rile 
after another cycle of refinement. Finally, using 
anisotropic temperature factors for Ta, AS, 
6S and 18 benzenedithiolate carbon atoms converged in 
two cycles of full matrix least squares refinement 
to the final values ph aoe and Rj=0.031. The 
number of parameters being refined in the last 
two cycles was 280 and the shifts in all positional 
parameters were less than 1/2 the estimated standard 
deviation. The final standard deviation of an 
observation of unit weight was 1.466. A final 
difference Fourier revealed no peaks greater than 
0.55e/A a The observed and calculated structure 
factors are shown in Table 8. 
Description of the Structure 

The final positional and thermal parameters 
together with their estimated standard deviations 
are shown in Tables 9, 10, and ll. The closest cation 
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anion contact is 2.72 A between a tetraphenylarsonium 
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Table 9: Atom Coordinates and Isotropic Temperature 


Factors 
Atom x y : B? 
TA 0.0 (0) 0.0 (6). Olom (0) 3.84 
AS “0.43558 (8) -0.39454 (9) -0.44126 (6) 3.97 
Sl “00537 (3) 0.2569 (2) ~0,0951 (2) 4.90 
52 0.0991 (3) =-0.2403 (3) -0.0645 (3) 6.78 
S3 0.2436 (2) -0.0559 (3) On 0412) 662). Sy. 
S4 -0.2486 (3) -0.0614 (3) 0.0465 (2) 5.60 
S5 SOROS ase 2)5 00322, (3) 0521046 (2) 4.92 
S6 0.0508 (3) 0.0645 (3) =-0.2184 (2) 5.33 
Cl -0.0208 (9) 0.336 (1) -0.1675 (8) 5.29 
C2 SOU 950 (1) 80.4856 (1) | -0-L96m Ul) Ne nc 
C3 SOPOO TMNT (10 mOc546ut (1)0 = —-O063 16m (1900764 
C4 CmOs caer 1) me 46 eee (29 9 0. 4 05 ( 1) en Tpesai7 
cs OROSO eet} eeusOs316u) | (l)em 0.57510 01(8) Geis 
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C14 
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“these are "equivalent" isotropic thermal parameters 


calculated from the anisotropic thermal parameters by 
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Table 10: Rigid Bodies 
a) Phenyl Carbons 
Atom x 

c19 =—OcstTi? (9) 
C20 -0.4075 (8) 
C21 -0.357 (1) 
C22 -0.2760 (9) 
C23 -0.2462 (8) 
£24 a Pd (1) 
D 3.657 (4) 
E 1.422 (5) 
F 0.968 (4) 
C25 -0.275 (1) 
C26 -0.197 (1) 
C27 -0.0783 (8) 
C28 =<J'5 039 (1) 
C29 -0.117 (1) 
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E 0.812 (5) 
F 2.910 (4) 
c31 -0.4734 (7) 
C32 -0.3667 (7) 
C33 -0.3855 (8) 
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Table 10 continued 


Atom x 


Y z 
H9 0.5955 -0.4910 0.1208 
H10 0.4848 -0.6362 0.0512 
H1l 0.2684 -0.5300 -0.0235 
D 5.971 
E 2.449 
F 2.358 
H14 -0.3414 0.1881 0.3785 
H15 -0.6126 0.2377 0.4203 
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Table 10 continued 


Aton 


H28 


H29 


*Hydrogens are numbered the same as the carbon atoms to 
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hydrogen and benzenedithiolato carbon atom. 
° 
All non-hydrogen contacts exceed 3.30 A- 
The unit cell, Figure 9, was arbitrariiy chosen 


with a Ta at each corner since the space group is 


Pais 
1 


In the tetraphenylarsonium ion, shown in the center 
of Figure 9, the phenyl rings were treated as rigid 
bodies. ‘The resulting geometry is in Eo argreement 
with other determinations 102,103 o¢ this cation 
with average As-C bond distance, Table 12 being 1.889 A 
while the C-As-C angles average 109.5°. 

A stereo view of the Ta(SjC.H,) 4. anion is shown 
alone in Figure 10, The important bond distances and 
angles consistent with the numbering scheme of Figure 
10, are to be found in Figure 11 and Table 13- 

It is evident that the anion is distorted from 

the trigonal prismatic geometry found in the closely 
related Nb complex. The average ligand twist 

angle is 29°. However, the mode of distortion, 
unique among dithiolene complexes studied thus far 
makes such a statement meaningless since it 


tacitly implies a symmetric trigonal distortion 


of the two triangular faces, which is far from being 
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Table 12; 


Atoms 


oe Se 


S -S(intra) 


AS: = Cavg 
AS - Cos 
AS Cay 
AS - C37 
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Distance (A) 
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tTabie 13: Intraionic Angles 


Atoms Angle, deg Pair Atoms Angle, deg 
S,-Ta-S, Bot 3C9.) a Payee TIO Boia) 
S,-Ta-S_ 79.15 (10) a Sele Cy 1:2:0753;(6) 
S)-Ta-S, 80.29(9) Seite ese 1207s 5.(7.) 
S,-Ta-s, BOR 2117.) b Sa CC 2205020) 
So-Ta-S3 81.52(9) b S47C1 37°13 D2. 06) 
S4-Ta-S, 83.42 (9) c S5-C137Cig 120.4 (7) 
S,-Ta-S, 83.20(7) c 

Gio ede FO 02 (S) da Serie Say LPO TCS) 
S,7Ta-S_ 997.15 (8) a Cy Ca aCe 2197. 62 2)) 
S,~Ta-s, L05.42(8) e Crea SA 120.4(10) 
S.-Ta-S_ 106.36(8) e Eee E927 (10) 
S,-Ta-S, 22.28 (10) e PCreG L242) 
S,-Ta-S, P47 229 (8) Lis (9) 
Sp~Ta-S_ PIG. 090) E20 OGL O) 
S,-Ta-S, 158.69(8) L224 (143) 
S,753755 dU) 118.0(13) 
S5-S,-S, Seer tls) MePiere elie.) 
S.-S_-S Gre 2i/a(ets) 120.9(14) 
S,7-s -S, Boel) 2B Oreo aCoLe) 
So=—Se-sl 71.16 (8) 120.1(8) 
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Table 13 continued 


Atoms 
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s They 


Angle,deg 


71.12(9) 


110.1(4) 
109.4 (3) 
104.9(4) 
103.9 (3) 
108.0(4) 


103.4(3) 
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Angle,deg 
120.8 (11) 
117.2(11) 
122.4(10) 
120.8 (10) 


118.4 (9) 


111.242) 
4110.1 (3) 
107.7 (3) 
109.6(2) 
107.4 (2) 


110.8(3) 
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true in the present compound. A clearer picture of 


the distortion is obtained by the individual 


chelate twistl04 or ti1tlos angles which are >, 6 
8 
54° ¢ mig? Vid we 16° sande y = 
, Ze3 4,5 og 1,6 
37° =z 10° ~ e 
xX 2,3 ’ X45 wee One (the 


Subscripts refer to the sulfur atoms forming the 
chelate rings) respectively. It seems that 

part of the anion retains nearly the trigonal 
prismatic configuration, o=0°, while the remaining 
chelate is close to the octahedral limit, $=60. 

In this regard, it is interesting to note that the 
"expected octahedral limit" based upon bite size 

and M-S bond lengths®? is 49° , and hence the most 
severely distorted chelate in our case has even 
passed this limit. Of course the above angle is for 
molecules which suffer symmetrical distortions, 

in particular keeping parallel triangular = 

ie This is not the case here, and the 

angle between the two planes is rig begs) © , allowing 

for the observed twist. The fact that part of the 
molecule retains a configuration close to that 

found in the trigonal prism is further evidenced by 


the angles S,-Ta~s_ of 122.2810)° and S,-Ta-S, of 
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147.19 (8) » Which are close to 136 found in 
trigonal prismatic complexes. In addition, the 
dihedral angle, Table 14, formed by the planes defined 
by Bars 5. and Ta,S 5. is 116.5°, again close to the 
expected 120° for a trigonal prisn. 

A comparison of some of the bond lengths and 
angles for the Mo, Nb, Ta, and Zr benzene- 
1,2-dithiolato complexes is shown in Tables 15 and 16. 
It is evident ae Oe Ta complex lies between the 
Nb and the Zr complex from the S=-M-S 
trans angle of 154.7° and the twist angle of pores 
The origin of the distortion in the Ta complex is, 
however, clearly not due to changes in the M-S 
bond length or the ligand geometry since these 
parameters are very close to the values found in 
the Nb complex. However, it must be recognized that 
the averages listed in Tablesj15 and 16. were 
computed from values which cover a considerable 
range. For example, not too much significance should 
be attached to the average interligand S-S distance 


0 
in the case of Ta since these vary from 3.059 A 


6 
to 3.722 A. However, a clear trend is seen for 


several of the parameters as previously pointed out. 
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Table 14: Dihedral 


Atoms in Plane l 


Angles 
Atoms in Plane 2 


fa,S _S 
4 | 
eh loy a 


Ta,S S 
1 Qi ee 
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2°@3? 4 


Segal Coat 7c 
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9 10°34" 
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S185 0Cy 40 Cy yelp cr Cy g 0 C17 
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Table 15; Summary of Distances for Benzenedithiolato 


Complexes 


Compound 
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It would therefore be expected that the unique, highly 

twisted ligand in the Ta complex should exhibit 

long M-S and C-S bond lengths. Such is not the 

case, nor could any other sensible pattern be found 

for these bond lengths. The possibility remains 

that there is some systematic error present, possibly 

in the unit cell dimensions. However, all of the 

Ta-S bonds fall roughly along unit cell axes, and the 

eon nee emg long-short pattern of lengths eee a? by 

Ta-S5=2.467; Pans 3 28398, Ta-S,=2.440; Ta-S,=2.449, 

Ta- 5720427 A) does not seem consistent with this 

type of error. Similar arguments can be made for 

other bonds of approximately the same orientation. 
Again, the C-C bonds of the ligands did not 

fall into a simple pattern favoring either the 

dithioketone or dithiolate resonance structures. 

Even more than in the previous structures the 

Ta structure was plagued by high thermal motion 

which increased on going farther from the metal ion. 

Thermal motion was so large, in fact, that fuzzy "shadows" 

were associated with many of the spots in Laue 

photographs of the crystal. These “shadows"™ were 


assignable to thermal diffuse scattering by the 
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crystal, 19 As in the study of Bennett and Cowie, 
an anomaly was noted with the S atoms displaying 
larger or nearly as large thermal parameters as 
the C atoms to which they were attached. 

Another interesting feature of the present 
Structural study is the non-planarity of two of 
the benzenedithiolate ligand systems. As the 
twist angle varies from Teestend 16.59 
to 53.7", the folding of the ligand system changes 
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Pope o. an 1.6 2to 0.0 9. (in eres sCyH) 
2.0 54.3 
the individual twist angles are Me a %. = 42.8 
and Oo =-30.0 , While the corresponding igand 


0 
dihedral angles are 3.9 and 0.5 ; and in 


NB(S,C oH) where all three twist angles are near 


om. 
zero, the dihedral angles of the ligands are 22.8, 


22.6 and 21.8 . Simin vor. yeti Mo(S,C.Hy) 3, 

all twist angles are zero while ligand dihedral 

angles are Panel eeean 30.0°. rt is difficult 

to understand why the nonplanarity of the ligand 

system is so variabl , and for this reason Lt is tempting 
to ascribe these affects to packing forces; but 

at the same time the existence of a rough 


correlation between the twist angle and ligand bending 


must also be recorded. However, the direction 
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of this correlation seems to be just the opposite 
of what would be expected from the tT -bonding 
argument. That is, T=-bonding, which should 
favor the trigonal prism, should also favor planar 
ligands, i.e. the dithioketone resonance extreme 
and ana hybridized S atoms. Further, it has been 


established previously that complexes of 


BG Gers. 5 have planar ligands, while S,CoHo is 


again bent. Ligand folding has also been observed 


in bis-cyclopentadienyl metal dithiolene complexes. 


Ue: Arguments involving the affect of the metal 


and ligand substituents on the delocalization of 
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bonding to the metal have been advanced by Kopf 


108-110 


and Kotoglu in studies of biscyclopenta- 


dienylmetal dithiolate systems, where the ligand 


bending in ( n=cCcHe) ,TH(S CGH) and 
5 : 108 ., 
~C, Hs) Ti(S,CeH,) is nearly the same 
0 F 5 y Ka be 
at 46 , whereas in ( 1 ~C,H,)W(SiC-H,) and 
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Mo(S C_H it is 8°ana 9° 
BHI EGHO (SiAC Hye 
respectively. The relationship of the 
5 : ; ; 
~ h thiol 
( 7n CoH) oM(S{COR)) system to the tris dithiolene 


complexes is not clear at this time, but further 


work in one area could help clarify the other. 
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Discussion 


The most important aspect of the Ta structure 
is that it varifies the contention of Bennett and 
Cowie that an increase in the d-orbital energy 
of the central metal results in a distortion from 
Octahedral geometry. The fact that little change 
is seen in the M-S or C-S bond lengths only 
points out that the differences between Nb and 
Ta involve only small energy changes, as expected. 
The nature of the distortion, which is unique 
among dithiolene complexes studied thus far, also 
deserves a word of comment. Although it is difficult 
to give an explanation for its occurence, an 
examination of existing structural data suggests 
that this type of distortion is not so unusual.. 
In a recent discussion, Muetterties and Guggenberger 
favored the coordination polyhedron as a means of 
describing the geometry of complexes. 112 These 
authors encod out that a tabulation a6 re angles 
between adjacent faces of the polyhedron will 
accurately describe the type of geometry. 
A large tabulation of these angles for complexes rang=- 
ing from octahedral to trigonal prismatic coordination 


was presented. It then became apparent that 


if 
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few complexes were known between the midpoint of 

this series and the trigonal prismatic limit. 

The Ta complex is then particularly important because 
it falls within this region. Table 17 presents the 
angles in question for the Ta complex. Comparison 
of these angles with those of Muetterties and Guggen- 
berger brings out several interesting points. For 
complexes near the trigonal prismatic limit, 5'S 

at D vary considerably but often two are very 
similar, Oo. Seat b, are nearly constant, and 
the remaining 6's may be grouped into three 
pairs of nearly equal angles. The reason for the 


observed pattern lies in the near C, symmetry 


7 
of these complexes. The fact that the Ta complex 

has nearly Cc, Symmetry is evident esucicy eee 

the intraionic angles in Table 13, which are lettered. 
to identify pairs that would be related bya 

two-fold axis bisecting the chelate S156 

and passing through Ta. Further examination of the 
angles of Muetterties and Guggenberger reveals that 
the deviation from C, symmetry increases as one 
approaches the trigonal prismatic limit. Thus 
complexes with small average twist angles such 
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Polyhedron Faces® 


Remaining O's 


59.6 ., 60.5 


81.0, , 82.7 


87.4  , 89.8 
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possess £3 symmetry.113 The deviation of many complexes 
from oe Symmetry requires that individual twist or tilt 
angles or alternately Guggenberger's and Muetterties' 
6's be reported and the reporting of average twist 
angles should be discouraged since it does not always 
give a clear picture of the distortion. 
Also, some questions about the D. <——spD 

3d 3h 
reaction path must be raised. While the energy 
differences between the Nb and Ta complexes must 
certainly be small, the average twist angle in the 
Ta complex, 29 Yo Suggests that the Ta is well 


along the distortion path toward D geometry. 


3d 
Does, then, the average twist angle truly indicate 
the position of a complex along the oe ao 
reaction path? Rather, the lack of examples 
lying between the midpoint and the trigonal prismatic 
extreme may not be a result of inadequate 
synthetic studies, but instead a result of the 
small energetic changes necessary to produce large 
distortions. 

The unusual structural changes observed on 


going from Nb to Ta suggest that further work in this 


region of the periodic table with ligand systems of 
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slightly different energy, for example tetra- 
chlorobenzenedithiol, would be well worthwhile for 
the purpose of increasing our understanding of 


the unusual bonding of 1,2-dithiolene complexes. 
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Table 18: Least Squares Planes® 


Atoms Defining Distances of 
the Plane Equation of the Plane Atoms from © 
the Plane (A) 


Ta ,S, 0S 0.9952x-0.0542y 
0.2598z=0 
vi ie: Swen] 8, 0.2407x+0.2872y- 
0.9271z=0 
$4282 1C, 1S, 0.9937x-0.0962y- S, 70.007 
0.0581z2+0.0968=0 C3 0.026 
C7 @.012 
Ca 00, C5 1Ce Cc -0.019 
Cae. 012 
CE-0.017 
$5083 6Ca1Cy 0.413x+0.0340y- Ss. 0.046 
0.90992-0.5479=0 Co 0.037 
Cy 970-022 
C7=0.019 
Cy 170.029 
Cg 0.016 
Cj, 2-0.014 
4 ae 0.6203z+0.9075=0 Ss 0.006 
Cis 0.011 
S -0.046 
C1 670-043 
eh fel omni « Say CHiN 
eral Conse liy aki o C1 57-0.008 
Ci4 0.021 
Cig 0.028 
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Table 18:continued 


Atoms Defining Distances of 
the Plane Equation of the Plane Atoms from 
the Plane (A) 


$1155 +5, 0.6515x+4+0.6034y+ 
0.4598z-1.4388=0 
$118,185 ~0.6462x+0.6447y+ 
0.4085z-1.3948=0 
5 Saree -~0.7426x+0.5336- 
—- 0.4048z2-1.2551=0 
72 3 5 
0.6859z-1.1519=0 


0.6844z2-1.1573=0 


“The equations of the planes are Lx+My+Nz=D, 
where L, M, and N are direction cosines referred 
to the orthogonal coordinate system where x is a, 
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CHAPTER 4: ORTHOMERCAPTOPHENOL AND 1,2-DIHYDROXY- 


a a ee 


BENZENE COMPLEXES 


Introduction 


In Chapter 2, a new method was presented for the 
Synthesis of complexes of 1,2-dithiols. In this 


chapter the extension of this route to other ligands 


XH 
of the type I, where 


(I) 
YH 
X and Y are S,O and 0,0 will be presented. the 


method has permitted isolation of the following 


complexes: ina Eee M(XYC_H , where M=Ti, Zr 


4)3 


x<= = 
and Hf, *=4, Rye Se eu by 


Ti and Hf, X=Y=0); where M=Nb and Ta, x=5, R,E= 


N, X=0O and Y=S (also for 


(CeH.) AS, X=0 and Y=S. 

The complexes isolated here are important as 
analogs of benzene-1,2-dithiolate complexes, and 
as such may provide some new insight into the 
bonding in such systems. Also, it is to be noted 
that few complexes where X=0 and Y=S have been 
reported in the chemical literature,l1> «116 
but during our investigations in this area, complexes 


of the type He M(OSC, (where x=2 for Ti and 2r, 


sy Tee 


x=1 for Nb and Ta, and x=0O for W) were reported by other 
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meee rene rss However, the Ti and Zr complexes were 
reported to undergo polymerization upon standing and 
were generally difficult to work with. Since 

the role of the hydrogens in these complexes was not 
clear, our investigations were continued because they 
have the advantage of producing well behaved crystalline 
materials. Similarly, with the complexes where 

X=Y=0, numerous reports have appeared on the synthesis 
of these oul eees) (> ie but again i aie ligt 
because of the presence of water or amines being 
associated with the samples, which were not prepared 
under rigorously anhydrous conditions. The 
difficulties which water of crystallization can cause 
is clearly illustrated by the dispute over a 

Si(IV) complex, where structures such as that shown 

in Figure 12 were considered poet nies Even 

a recent structure of the anhydrous pyridium salt 


Co GR4 oS eke AG 
showing the Si to be octahedrally coordinated by 


Bev acuiatons so” does not answer questions about 


SEE ALS SiO s Cees) (CeHeN ew @epyruoLnLum) , 


the hydrate. Therefore, we merely wish to 
demonstrate that anhydrous complexes may be prepared 


according to our method if this is desired. 
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Figure 12: 


A Proposed Structure of a Hydrated 


1,2-dihydroxybenzene Complex of Silicon. 
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Experimental 

Much of the experimental technique used here has 
already been presented in Chapter 2, so discussions 
will be limited to new operations. 

Tetraethylammonium chloride was purchased as a 
monohydrate and dehydrated at 80-90° c and 0.05 mm Hg. 
The anhydrous salt was then dissolved in CH CN and 
stored under nitrogen in a large reservoir with a 
buret attached to it for convenient measuring of 
the solution. The CH, CN solution was standardized 
by precipitating the Cl as AgCl. The 1,2-dihydroxy- 
benzene, or pyrocatechol, was obtained commercially 
and sublimed before use. Orthomercaptophenol was 
prepared according to U.S. patent 3,468,961 by 


permission of Hooker Chemical Corp., which was 


found to be superior to the previously preferred 


route. 127,128 


' Preparation of the Compounds 
Crat N nie Os Cah 
[(c,H,) NJ2 Ti(osc H), 
Sodium cyclopentadienide, 0.330 g (0.00375 mole), 
in 20 ml of THF was added to 0.00563 mole of 
o-mercaptophenol in 20 ml THF. Next, 0.00188 mole of 


Ti[N(C,H5) 5] 4 in 20 ml of THF was added, and after 
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stirring 48 hours, 13.8 ml of 0.272 M tetraethyl- 
ammonium chloride in CHICN was added. This mixture 
was stirred 2 hours and then the solvent was 

removed under vacuum and replaced by 50 ml 

of CH,CN. After stirring overnight the solution was 
filtered to remove NaCl. Addition of 55 ml of ether 
with vigorous stirring followed by allowing 

the solution to stand produced large black crystals. 
The reaction mixture was cooled ina freezer for 

24 hours and the black crystals were filtered off, 
yield 0.518 g (40%). mp 218-2209 uncorrected. 
BNrabetGalcd : STC ALS R598 seb files] Opel tolls .S, 14-13. 
Found: C, 59.83, 60.07; H, 7.64, 7-74; N, 4.24, 4.24; 
SPeLaA SSS 7 SLAI59% 

In a similar manner, the following compounds 
were also prepared. 
[icoH.) ,NJ 5 Zxr(OSC.H,) , 

Pale yellow hexagons were obtained in 30% yield 
after one recrystallization. mp 218° uncorrected. 
Annals *Calcd22C,95653956H8 ,07 .2439N,33287 365,013.28. 
Found: C, 56.40, 56.47; H, 7-21, 7.56; yn, 4-00, 4-123 
$57°132467,513418% 

[(coH.) NJ 2 Hf (OSC_H,) 


O64. 3 
White crystals, 77% yield, mp 214-215° uncorrected. 
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[(c,H.) nN), HE(O CoH), 

White crystals in 34% yield. Anal. Calcd: CC, 53.503 
aCe Of eN o  Ouleerounde C, 53.40; H, 6.497 N, 4.01. 
[(coH,) ,As] Nb(osc.H,), 

This complex was isolated by adding solid tetraphenyl 
arsonium chloride to the THF reaction. The THF was 
removed under vacuum after 2 hours and replaced by 50 
ml of CH cl, and after 2 hours the solution was filtered. 
Addition of ether and cooling produced black crystals 
in 60% yield which gave poor analysis. The product 
was recrystallized from hot ere ier to give black crystals, 
2423 eyteld. wAnal. Calcd:, C,959-44;5H, 93.803;9S, 117.33. 
Foundicma © 70059), 40n Hi 4.29365 ,5 11 28 


[(cgH.) ,As] Ta(OSC HE), 


In the same manner as Nb, red crystals were obtained, 
18% yield. Anal. Calcd: C, 53088 70Hys~ 457 Son d0.27'- 
Found: C, 53.38, 53.86; H, 32580324903) S.010.04, 

9.88. 
[(c Hu.) NJ, Ti(O,C.H,), 


This compound was prepared in the same manner as 
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the corresponding o-mercaptophenol complex except that 

aeons was used as solvent instead of THF. After 

several recrystallizations from CH,CN and ether 

mixtures orange crystals of suitable purity 

were obtained. Anal. Calcd: C, 64.55; H, 8.28. 

Pound: 9.C, 164.033, H, 7.80. 

See a Nb(OC H | (SH)) cl, 
To 0.840 g (0.00665 mole) of o-mercaptophenol 

in 50 ml of THF was added 0.00229 mole of sodium 

cyclopentadienide in 12 ml of THF. Solid oe was 

then added and the reaction mixture immediately 

turned dark brown. The reaction mixture was 

stirred for 96 hours after which 0.96 g of 

tetraphenyl arsonium chloride was added. After stirring 

for 1 hour the solvent was removed under vacuum and 

was replaced by 50 ml of CH Cl.- After stirring 

1 hour the mixture was filtered and 20 ml of ether 

was added resulting in the formation of a dark 

brown oil. The supernatant was decanted off and 

the oil was dried under vacuum but could not be 

characterized. An additional 20 ml of ether was 


added to the supernatant causing more oil to form. 


This time the reaction mixture was allowed to stand 
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for 1 week at room temperature and the oil dissappeared 
leaving black crystals. The IR of the product was 


very Similar to [ic us) ,as] Nb(OSC H except 
6 


4)3 f 


for an additional peak at 800 cm amd loss of a 


Peak at 270 ene Yield: 19%, mp Toc-loce ° 
Anal. Calcd: ( for [(coH) As] Nb(OC HSH) Cl, ) 
Ce gta O73, 7.50 t Cl, 16.33. 
BOUnG se, 906.397 149.803 Hy) 3054, 3645; 6S, 7.06, 
7.13; Cl, 16.82, 16.87. Physical Measurements were 
made as outlined in Chapter 2. 
Results and Discussion 
Sodium salts of the desired complexes were 
prepared in THF according to the following equation: 
M(NR,) x + RES ey ote + (x-3) (HX) CEH, (YH) 


> Na(g-y) M(XYC (13) 


684) 3 
(where x=4 for Ti, Zr and Hf and x=5 for Nb and Ta). 
As in the case of the benzene-1,2-dithiol complexes 
described in Chapter 2, the compounds were isolated 
as tetraphenylarsonium or tetraalkylammonium 

Salts by exchange with the appropriate halide in 

a or Ler Some complications have arisen 


in the synthesis of the complexes of o-mercapto- 


phenol and 1,2-dihydroxybenzene, however. It appears 
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that, because of the higher solubility of NaBr 
and NaI in mae Sane the exchange is not as complete 
for bromides or iodides as it is for chlorides. 
While this caused no problems in the synthesis 

of benzene-1,2-dithiol complexes, the somewhat 
more forcing conditions necessary to precipitate 
the o-mercaptophenol and 1,2-dihydroxybenzene 
complexes may result in precipitation of the 
unexchanged tetralkylammonium bromide or iodide. 
All of these difficulties were overcome by 
using tetraethylammonium chloride. Although 

most tetraalkylammonium chlorides have the 
disadvantage of being hygroscopic, we have found 
that they may be easily dehydrated and subsequently 
handled as oto solutions. 

Another problem encountered with the 1,2-dihroxy- 
benzene complexes, and which could conceivably bea 
problem with other ligands, was that the sodium 
salt of the ligand was insoluble in THF. This 
difficulty may be eliminated by using diglyme as 
solvent, as the sodium salt of 1,2-dihydroxybenzene 
was soluble in diglyme and was successfully used in 


this manner to prepare the Ti complex. However, it 
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was found that the reaction between metal amides 
and the sodium salt of 1,2-dihydroxybenzene will still 
proceed in THF, and thus the use of diglyme is 
unnecessary and even undesirable, for this ligand systen, 
due to its high boiling point. 

Since the preparation of metal amides is an 
added inconvenience in preparing metal complexes, 
an attempt was made to prepare the sodium salt 
of the Nb complex with o-mercaptophenol directly 
from NbCl,. Again a mixture of the ligand and its sodium 
salt was prepared in THF, but instead of adding Ap reese 
Nbcl, was added and the resulting dark brown mixture was 
refluxed for 44 hours. Under these conditions, no char- 
acterizable compounds could be isolated, but by doing the 
Same reaction at room temperature for 96 hours, after the 
addition of tetraphenylarsonium chloride, black crystals 
were obtained with the formula [(c_H IAP SAD (Oc 


oa 


which seems to be a mixed chloro-orthomercaptophenolato 


es 
complex. 

The complexes reported in this chapter are well 
behaved, air stable solids with the exception 
of the o-mercaptophenol complexes of Zr and Hf. All 
of the 2 to 1 electrolytes are soluble in CH, CN, 


and the 1 to 1 electrolytes in CHCl. Ora CHECN. 
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The conductivity measurements, Table 19, are consistent 


with the proposed formulations and need no further 


76 
comment. 


The IR spectra of the complexes, Table 19, are very 
complex, but are clearly consistent with the overall 
make-up of the complexes. Detailed analysis of the 
Spectra cannot be performed at this time due to the 
absence of vibrational assignments for these ligand 
systems. 

The comparison of electronic spectra of the 
complexes, run on Tom M solutions between 10,000 
and 40,000 cmt, to those of the corresponding 
benzene-l]1,2-dithiol complexes is interesting. The 
maxima, Shown in Table 19, undergo a hypsochromic 
shift in the same manner as observed in Chapter 2, 
Sve. ri«~ 2r~ HE, Nb<.%a, Nb < 2Zrvand W< Ta < HE. 

The dependence of the peak positions on the central 

metal and the high intensity of the bands again 

identifies them as mainly ligand to metal charge 

transfer. By comparison of spectra of one metal with 

the different ligands we also obtain a hypsochromic 
ime teldiguel Pate ite) wr 
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Table 20: IR Spectra? 
[ic H.) .N] jH£(O,cgH,), 

3045msh, 3005m, 2980msh, 2945wsh, 2580vw, 1570w, 
1475s, 1410msh, 1392m, 1368vwsh, 1324s, 1303wsh, 
1240s, 118lmsh, 1170m, 1144wsh, 1093m, 1016m, 1002msh, 
893msh, 867m, 791s, 731s, 613s, 598ssh, 546vw, 490s, 
337W se 26035", 
W(OSC H,), 

3050vw, 1560m, 1433s, 1290wsh, 1253s, 2129s, 
1150w, 1116w, 1059m, 1017m, 968vw, 930w, 850s, 
742s, 719msh, 693s, 630s, 547s, 4478S, 43lssh, 398ssh, 
309m, 268w. 
[(CoH_) ,N] 2Ti(O,CEH,) , 

3040wsh, 2980w, 156lw, 1460s, 1392w, 1339w, 1327w, 
1303vw, 1247s, 1L182wsh, 1171lw, 1143vw, 1092w, 10llw, 
892w, 867w, 80lm, 737msh, 727m, 623m, 600wsh, 553vwsh, 
538vw, 502m, 410m, 320m. 
CgH, (OH), 

3450s, 3320s, 3050vw, 1618m, 1596msh, 1510s, 
1468s, 1362s, 1278ssh, 1253s, 1239ssh, 1187s, 1164msh, 
1149wsh, 1094s, 1039m, 935vw, 915w, 839m, 769msh, 


754msh, 741s, 722vwsh, 630mbr, 567w, 559w, 495mbr, 


450wsh, 378w, 335vw. 
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Table 20 continued 


[(c eH.) 428] Nb(osc.H AE 

3044m, 1460w, ae 1438s, 1393wsh, 1335wsh, 
1310wsh, 1254ssh, 1225s, 1184msh, 1163wsh, 115lwsh, 
1114m, 1079m, 1065msh, 1020m, 996m, 920wsh, 849s, 
7378S, 722msh, 686s, 544s, 464ssh, 436s, 362s, 322msh, 
270m. 
[l(c oH.) gas] Ta(osc Hy), 

3045m, 3000wsh, ae 1479msh, 1436s, 1395wsh, 
1333wsh, 1306wsh, 1252ssh, 1223s, 118l1msh, 1160wsh, 
1147wsh, 111llm, 1078m, 1063msh, 1019m, 995m, 918wsh, 
862s, 741s, 720msh, 687s, 635s, 546s, 478msh, 465s, 
438s, 371s, 306w, 252s. 
[(c He) ,N ] 2Ti (OSCgH,) , 

3018vwsh, 3046msh, 2982m, 2950msh, 2582vw, 
1555m, 1479ssh, 1446s, 1432ssh, 1392ssh, 1368wsh, 
1262s, 1235ssh, 118lmsh, 1171lm, 1147vw, 1109n, 
1065m, 1028s, 100lmsh, 913wsh, 851s, 787msh, 
749s, 726msh, 691s, 622s, 549s, 430s, 368s, 300s. 
(Cc sce N J] ,HE(OSCEH,) , 

3055msh, 2990m, one 2570vw, 1566m, 
1483ssh, 1453s, 1437ssh, 1496msh, 1371lwsh, 1267s, 
1237ssh, 1184msh, 1172m, 1149vwsh, 1109m, 1080vwsh, 10 
1063m, 1028m, 100lmsh, 915wsh, 860msh, 847m, 787msh, 


751s, 728msh, 688s, 618s, 545m, 45lwsh, 430m, 348m. 
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[ic Hw.) 4N] py rod Seely lara Bi n=nujol 

3050-2760sn, 1563msh, 1555m, 1470-1430sn, 
1375sn, 1303wsh, 1269s, 1232ssh, 1182msh, 1171nm, 
1148wsh, 1105m, 1074vwsh, 106lm, 1024m, 100l1msh, 914w, 
894vwsh, 846s, 784m, 746s, 724ssh, 683s, 613s, 548m, 
448wsh, 427m, 344s. 
HOCH ,SH 

3430sbr, 3070w, 3030wsh, 2580wsh, 2530w, 
1578m, 1490msh, 1473s, 1447ssh, 1339m, 1288m, 
1240msh, 1204s, 1182ssh, 1155msh, 1128msh, 1073m, 
106lwsh, 1035wsh, 1029m, 94lvwsh, 925wsh, 913w, 


832m, 751s, 7llw, 692vwsh, 679m, 564vw, 497 vw, 439wW, 3 


374w. 


axey: s, strong; m,medium; w,weak; sh,shoulder; 


br,broad; v,very. 
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ib eas) 
ligand orbitals and is thus consistent with mainly 
ligand to metal charge transfer. However, it is 
interesting to note that the spectra of the W 
and Nb complexes of O-mercaptophenol bear a strong 
resemblance to some of the benzene-1 ,2-dithiol 
complexes known to be trigonal prismatic. Certainly 
the complexes of 1,2-dihydroxybenzene and o-mercapto- 
phenol are expected to be close to the octahedral 
limit, but the spectra suggest that it cannot be 
taken for granted that the complexes are all 


octahedral. However, some structural 


studies should be undertaken before attempts 


are made to correlate the structures with the 
Sipe Citiaicre 


Polarographic studies on the W and Nb 


o-mercaptophenol complexes were made in CHCl, and the 


Ti 1,2-dihydroxybenzene complex was studied in both 


CH Cl, and CH,CN, but in no case was either oxidation 


2 


or reduction observed. The absence of oxidation is 


3 


not surprising because the ligand orbitals are even 
more stable here than for benzene-1,2-dithiol, and no 
oxidation was observed for complexes of the latter 


ligand. However, it seems that if there is any ligand 
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character in the lowest unoccupied molecular orbital, 


the reduction potentials of 1,2-dihydroxybenzene 
and o-mercaptophenol complexes should be at more 
positive potentials than the corresponding benzene 
dithiol complexes. No explanation can be offered, 
at this time, for the absence of reduction waves. 
Puce vestigationSswith a dropping mercury, 
electrode might give better behaviour. Finally, 
the results of limited 1 IeNMR studies are shown in 


Table 21. 
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CHAPTER 5: COMPLEXES OF NAPHTHALENE-1 ,8-DITHIOL 


In Chapters 2 and 4 a new synthetic route 
was presented for the synthesis of metal complexes 


with ligands of the type; XH 
(I) 
XY 


where X and Y are O or S. In this chapter the exten- 


sion of this route to complexes of ligands of the type: 
SH SH 


will be presented. 


While the chemistry of metal complexes of monol29 #130 
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and IV WA 


Ss R—C-—S 


S GLEE) R—C—S (Iv) 
have been the subject of a large number of 
investigations, the 1,3-dithiolates seem to have 
attracted little attention, with the only report being that 
of some 2 to 1 complexes of hexachloronaphthalene- 
1,8-dithiol with Ni, Pd, Pt and cnn The complexes 
presented here represent the first example of 3 to l 
naphthalene-1,8-dithiol complexes, having the. formula 
real? 


yb SAE where M is Ti mee OY tts 
[(c,H,) ,N) M(S2 se hy ber 
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Experimental 
The general procedures used in the preparation 
of these complexes have been outlined in Chapter 2. 


Naphthalene-1] ,8-dithiol was prepared by a published proce=- 
Aro 


dure’, 


scheme 14, given here with slight modification. 
In a 3£, 3-neck flask fitted with a mechanical 

stirrer was placed 466 g of Eastman technical 
8-aminonaphthalene-l-sulfonic acid(I), 490 ml of water 
and 490 ml of concentrated HCl. The resulting 
suspension was cooled to 0° C in an ice-methanol bath 
auamaesolution of 153 gq of BIO. at 2COU MLE Ote Water 
was added dropwise over a period of 3 hours keeping 
the temperature between O and Sie Cyne Ac chew end 
of this time,i severe foaming occurred and addition 
was stopped, but stirring at 0-5 °% was continued for 
1% hours. The solution was then filtered through 
a large Buchner funnel and the tan solid (II) was vacuum 
dried and separated into seven equal portions of 

1oeqo which were then treated in the following 
manner. In a well ventilated hood in a 2 beaker 
Saqutppea with a nachrome wire stirrer (be sure to 


use nichrome wire) 13° was placed 60 g of technical 


potassium ethylxanthate in a solution of 20 g of 


notsaxaaexa of? ak bene eoxubooows : 

:8 aedqedd at bosblahe aeed oved 

=-s9079 pace date 5 yd betsaord 2ou fotuanb~8, & | 
»notssottbhow tipite ij iw ozet dsvip ,bE onedow enya 
Lapiassioen s dtiw Sedtt? toatl? agent Se oe 


“On & 


‘feointyos usa@tesat to e ae bezs iq asw 
le is aad. 


rstaw to Lm 085 , (2) bees pinot tve-I-sness 


‘pnidsaeek sat- . fn pasentas—ags to tm oeb das a 7 


a 


atéd Lonsitem-eok wa nk D °O oF pesees caw sokeneqson . 
=staw to: im O85 ak one to p £@b 3© notsulam si Sas. = 
pargeer exzyou € 20) ‘potzeq. 6 230 oclvqens BAhRe Meee a 
‘bas edd JA 2 2 bas a aoovead oundaregaes (edd ” 7 - 


0 


noivtbbe bits bextyoDe -paimeoy s1oveR ~ sak? eidd 0 7 
08 Sere Shaw 2 7h gs pais te sued . beqqosa oe 


et &%), y 
donosits ghuantas dedt. asw area od? ° < sat ) 

15 ghee ash oo 
aeeoev eaw (21) biios ass sdf Sas Somes senda. . of . 


aye 
to anorgzeq Lape asves oda bssexaqne 


paiwollo® edt at be tnex9 nests anal doide 1 : 
teased Ss os ai, bavil betetisnev chew - al 
ot sine od tortite sviw smotiiota 8 Aske & 


7 


x6 e oi Xe. aoitutor s di $ sa 


~ 


133 


H+ 
= 
(I) NaNO, (II) 


aC PPR 2 
V 
SO3H a el SO,K S-C(S)OCH.CH 
@) 
H OH 
ne 
O (IV) =-cos Sor 
* 
PCl, 
V 
SO._Cl s —/— —/=— 
2 2 SO5H S 2 
N 2503 H* 
(Vv) e (VI) 
2 2 
+ 
H Zn 
SH Vv SH 


OO wn 


(14) 
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Napcod in 120 ml of water. The diazosulfonate(II) 
prepared above (76 g) was suspended in 120 ml 
of ice-water and added carefully to the solution above, 
which was being kept at 50-55° c. The reaction 
mixture turned dark brown and N_ was evolved 
vigorously. When N. evolution had ceased, 300 g 
of a 30% aqueous NaOH solution was added slowly and 
the resulting mixture was heated to 90° c. After 
being held at S508 C for 20 min., the mixture was 
boiled for 20 minutes and concentrated to about 
500 ml. The solution was carefully acidified with 
550 ml of 6M HCl resulting in COS evolution. After 
cooling overnight, a yellow solid was collected by 
filtration in a yield of 55 g.- The disulfide(IV) must 
be thoroughly dried before the next step. Total yield 
3508G¢ 

In al, 3-neck flask fitted with a stirrer 
and thermometer, was placed 100 g of the thoroughly 
a@ried disulfide(IV) prepared above. While cooling in an 
icesbath; 150agec0f Racks was added with resulting heat 
evolution. The mixture was cooled to 10° C 
in an ice bath, and 120 g of Pcl, was added from a 


Schlenk tube over a period of 1/2 hour while the 


as ot. eailoon sitdW .svods- bo28qS3q- vanes 


vdpeiceigneia iia: ce tw 
ts fm OSE nk ‘pobusqane: aaw te Oty” 
(evods nottyloe 9A2 od yiivtexss bebbs bas. # 
fiotd 950% ost: 9 S2e~08 1s tqek pated © 
. | Bevlovd sw < bas avoxd dasb boaxe? inoeee. 
° ooe .Seeseo bad nottulove Ps asiw vebewoxopty — 
brs. PARAS Bebb. asw noituios HORM - suosspe med mi 
49324 .9'°0e of bedeeri asw oxu9 xi : edt 
eay oxvsein aft ,.akm OS sot 9 °oe~ae s sted 
-tyods- ot be jsztaasaqoa Bits dedaeben: os 203 bolts 
dtiw boitibtos yilwtenss enw noituloe oft - stm 008 
ze32A «to Laghove 209) md patti vers 198. wa te. ta 088 4 
yd ere 2sw ) bites wolley & 2Weinxeve paktess 


tava (Vi)sbiiluets edt -p 22 to Bieig-~s. at noddaxs 12 ‘Y i 


bieiy. istoT bated txen odt oxo heizb > ed is, 


b 


; noxaise s dtiw Se3 sit Sent? eel 


vidpyorods- sit 26.9 OOF beosig, 25 sr0demomnedd 


teoc patsines: idiw bebbe 2aw - 1908 ee ove 
a) Mos . oF bsioos sew sisaxla eam 

& SOx dobbs 254 af9F toe OSf bas , dad @ 
eit olgie atod \E Bo bolseq sa a8to. 


i 


Abe hs) 


reaction mixture was kept below 15° c. The reaction 
mixture was stirred and cooled for an additional 

2 hours and then poured over 1200 g of ice in a 2k 
beaker cooled in ice. A great deal of heat was 
evolved and the resulting mixture was cooled with oc- 
casional stirring for 1/2 hour. The dark brown solid(Vv) 
was collected on a Btichner funnel and although wet 

was converted directly to the sulfinic acid(VI). 


The crude product was added to 128 g of Na,SO, in 


ye ot | 
12 of boiling water, and the mixture was boiled 
for 10 minutes. After cooling, the solution was 
filtered and finally acidified with 6N eg to 

pH 3. The milky mixture resulting was cooled in 
ice and the solid filtered off. Yield 50 g of the 
sulfinic acid(vI). 

The reduction of 33 g of 1,1 '-dithionapthalene-8,8'- 
disulfinic acid(VI) was carried out under No atmosphere 
in a 22, 3-neck flask fitted with a condenser and 
mechanical stirrer. To the sulfinic acid was added 
12 of 98% ethanol and 500 ml of concentrated HCl 
and the mixture was heated. From a Schlenk 
tube, 165 g of Zn dust was added carefully overa 
period of 1/2 hour and the resulting solution was 
refluxed for 1/2 hour. The solution was filtered hot 


through an 11 cm, 10-20 WH glass frit and the zinc 


residue was washed with boiling 98% ethanol. The 
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product was vacuum dried to yield 21 g of pale, 
yellow flakes. When prepared in this manner the pro- 
duct is well-behaved and air stable for more than the 
time necessary for weighings, but was nonetheless 
stored under nitrogen. 

Lithium cyclopentadienide was prepared by reaction 
of a filtered solution of n=-butyllithium (Matheson, 
Coleman and Bell) with excess cyclopentadiene at 


78) 


in hexanes. The mixture was gradually warmed 
to room temperature and the white product was 
filtered off, washed with hexanes, and vacuum dried. 
Li,s.c, oH, 

The dilithium salt of naphthalene dithiol was 
prepared by adding a stoichiometric amount of 
lithium cyclopentadienide, in THF, to naphthalene-1,8- 
dithiol in THF. The solvent was stripped off, and 


an IR was run on the solid. The product was not 


purified and was only used for IR and UV spectra. 


' Preparation of the Complexes 
[(c,H5) NJ, TA (SC) oH.) 4 

Lithium cyclopentadienide, 0.305 g (0.00424 mole), 
in 20 ml of THF was added to 0.817 g (0.00424 mole), 


- of naphthalene-1,8-dithiol in 30 ml of THF resulting 
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in the formation of a yellow solution. Next, 
0.410 g (0.00106 mole) of tetrakisdiethylamidotitanium 
was added in 30 ml of THF. With the addition of 
the first drop of the Ti solution, the reaction 
mixture turned bareunaysyines and remained so throughout 
the addition. After stirring overnight, 1.09 g 
(0.00424 mole) of tetraethylammonium iodide, which 
had been dried at 100° c ana 0.05 mm Hg for 15 hours, 
was added directly to the reaction mixture. The 
THF was then pumped off and the residue was washed 
twice with 50 ml of dry ether. After thorough drying, 
L508tCO 200 ml of a ets was added and the mixture was 
heated to near boiling, then filtered hot. The filtrate 
was. cooled. overnight in a refrigerator yielding 
black needles which were collected by filtration and 
vacuum dried. § Yield 0.603 9, 65% based on Ti, mp 
211-212° C under vacuum. Anal. Calcd: CG, 62.845 Hh, 6.653 
Nees LUG eS yee le Core Ls pe Go Dam CP OUNd 3 Ci) Ole«h OF Hse Ono 3} 
Nees oS tao page Ls OOF cls 6 5 O.s 

In a manner similar to that used for Ti, the Zr and 
Hf complexes were isolated using either a 4 to l or 
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decomp. 199° C under vacuum. Anal. Calcd: C, 59.89; 
H, 6.34; N, 3.04; S, 20.85. Found: C, 58.05; 
ee OC CLG Ny OS Cae tO pe el 7 6 
[(c#,) .N], HE(S,C) HE) , 
Yellow platelets were obtained in 22% 
yield, melting with decomposition at 218-220" C under 
VSCuume BANAL. Calcd: “Cy, *54 17; H, 5.79; N, 2.777 
Pymee oe Cer Uns Cy, OL OOF Hs  Seols oN, 2/7 7. S57. 20 Olin 
' Results 
Complexes of napirensrensey tetaPeiest have been 


prepared according to the following scheme: 


M(N + j 
( Ro), REESE ES ps8 che + Saye es 


THF 


Li M(S.C, oH.) + 4HNR,< (15) 
where M=Ti, Zr, and Hf. 

As in the case of the benzene-1,2-dithiol complexes, 

the alkali metal salt of the complex was not isolated, 
but cation exchange was carried out with tetraethyl- 
ammonium iodide in Cnr en However, unlike the 
benzene-1,2-dithiol complexes, the sodium salts of 


the naphthalenedithiol complexes were insoluble 


in CH,CN. Fortunately, the lithium salts, although 
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moderately insoluble in SEL ey, have a high enough 
solubility for exchange to take place in a reasonable 
time. The resulting tetraethylammonium salts 

are slightly soluble in Gea CN and moderately soluble 
in hot SUN CS thus facilitating isolation of the 
complexes. For 1E-NMR purposes, it is necessary 

to use d--DMSO as solvent, and even then an 
instrument with a good signal to noise ratio is 
needed. The resulting chemical shifts are shown in 
Table 22 and the intensities agree with the formula- 
LLONS . 

Infrared spectra of the complexes may be compared 
to that of the ligand and are seen to be consistent 
with the formulation as tetraethylammonium salts 
of naphthalenedithiol complexes, Table 23. 

Conductivity measurements, Table 24, are 
consistent with a 2 to 1 electrolyte in the case of 
Ti and#@too high for Zr and ue./° As will later be 
seen, the Zr and Hf complexes may be undergoing 
dissociation. 

The UV and visible spectra, shown in Table 24 , 


are clearly dominated by the spectrum of the ligand. 


Some enhancement of the transitions is seen, but only 
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haple)23'3) LR spectra 
[(C2H5) gN J] 2TA(S2C) og), 

3040w, 2970w, 2940wsh, 1580w, 1522s, 1475ssh, 
1450s, 1408ssh, 1389ssh, 1345s, 1315wsh, 1300msh, 
1258vw, 1193vs, 1179ssh, 1169ssh, 1146msh, 1083wsh, 
1055msh, 1025msh, 1000m, 878vs, 813vs, 790ssh, 762vs, 
63lw, 590w, 552m, 450s, 320s. 
[(c,H,) .N] a22 (SC) He), 

3030vwsh, 3000vwsh, 2970w, 1582w, 1525m, 
1472s, 1447msh, 1432msh, 1421m, 1388m, 1360msh, 
1345s, 1258m, 1192s, 1183ssh, 1170ssh, 1140msh, 
1088s, 1052ssh, 1018ssh, 997s, 874sm 8l4vs, 785ssh, 
763s, 723wsh, 629w, 587vw, 545w, 483wsh, 455msh, 
435s, 425msh. 
[(CoH.) N] pas Chone 

3040vwsh, 2970w, 1582w, 1531s, 1477s, 1450msh, 
1433msh, 1415s, 1390s, 1367msh, 1348m, 1318w, 1298nm, 
1263m, 1199s, 1174s, 1150msh, 1110m, 1057m, 1002s, 
986msh, 879s, 816s, 810ssh, 802msh, 789msh, 769s, 
747m, 613w, 622w, 556w, 538w, 526w. 
Li, (S5C,4H,) 
3040vwsh, 2970w, 1600w, 1536s, 1484w, 1414m, 


135lm, 1299w, 1262w, 1209m, 1195s, 1147w, 1097s, 
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Table 23 continued 
1046s, 1022ssh, 983w, 900wsSh, 874m, 813ssh, 802s, 
763s, 722w, 622vw, 547. 
Coc ons 

3050w, 2560msh, 2530m, 1599w, 1549m, 
1498w, 1418w, 1365m, 1337vwsh, 1315m, 12138, 1064, 
985m, 937m, 9O0lvw, 896vw, 867m, 814ssh, 811s, 


784vw, 757s, 720m, 580w, 530vw, 467 vw. 
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Table 24: Conductivity?%and uv-visibleP 


Compound A. Maxima (emesy and 


Tocens lie Serer) 
[(coH,) NJ ,TI(SC, ONG) , 27 217400(12% 000) ;"25,600 
(297 COO) Shy oT eU0 


(30,400). 
Cc J Zi e 
[(c H.) ,N]52x(S5C) oH.), 350 27 ,300(49,600) ; 
40,000(102,000) sh 


[(c HW.) nN] HE(S é 


2 106? 308 27,500(38,300) ; 


3 
40,000(83,600)sh 


Li,SjCy oH, 27,500(12,300) ; 


40,500(28,000)sh 
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Ti appears to have a pronounced metal-ligand 
interaction. 

Some mention must also be made of the analytical 
data of the compounds. The complexes have consistently 
displayed low carbon analysis, and the total of all 
elements analyzed is less than 100% in the Ti case. 
Obvious sources of contamination involve Li or 
I, but tests for both of these elements have been 
negative. Another possible contaminant is moisture, 
but not only have the complexes been handled under 
inert atmosphere, but IR data show an absence of 
any hydrolysis products. While it cannot be stated 
with alli certainty that the complexes are pure, the 
evidence that we have suggests that some problem 
may be involved in the carbon analysis. In any 
event, the nature of the complexes has certainly 
been established and at this time it seems that 
no other synthetic routes are available to 
provide a way of preparing the complexes, especially 
in an unquestionably pure state. Further experimentation 
is needed to clarify this question. 

Discussion: 
Complexes of naphthalene-1,8-dithiol are interesting 


for at least two reasons. Firstly, it is interesting 
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to ponder whether this ligand will form highly 
delocalized bonds with metals as the 1,2-dithiolenes 
do, or whether it will behave more like the dithio- 
carbamates. The classification of ligand systems 

as "even" or "odd" according to the number of 

Orbitals available for m1 -bonding within the 

ligand clearly distinguishes between the 1,2-dithiolenes 
and 1,l-dithio “eee However, naphthalene-1,8-dithiol 
presents a small problem in that it is "even" but it 

is still not possible to write favorable resonance 
structures for the dithioketone form. The whole 
guestion has been clarified by Eisenberg when he 

points out that one must consider the symmetry of 

the appropriate ligand molecular Sepia ea That 

is, the ligand orbitals must not only be of the 

proper energy for MT -bonding to the metal, as reasoned 
in Chapter 2, but also must have the appropriate sym- 
metry. Molecular orbital calculations by Birss on the 
benzene-1,2-dithiolato, Figure 13, and napthalene- 
1,8-dithiolato, Figure 14, ligand system clearly 

show that the naphthalene-1,8-dithiolato ligand has 


a highest filled molecular orbital of a, symmetry which, 


2 


unlike the benzene dithiolato ligand, is not the 
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SoC,Hy (8% ELECTRONS) SoCgHy (107 ELECTRONS) 


ENERGY (ex) ENERGY (ev) 


oon Hi AO) 
eee 
eee ral 


ae SS) 


He -21.2 


+ -120 


—- -23.5 lag SGu 4H -121 
S 

tt -250 Ib, do +t -13.6 
S 


—- -222 2b, = 


Figure 13: A Diagram of the mT-System Molecular 


Orbitals of Benzene-1,2-dithiolate. 
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2?- 
SaCigHs (147 Electrons) SoC igH@ (127 Electrons) 
Energy (ev) Energy (ev.) 
tt -10.3 +t -19.9 
tt -10.8 + -20.5 
Sn aie) Shae 20.8 
tH -12.3 Spee ae) 
—+t— -12.8 +t -22.3 
S S 
Ib, ep tt -14.0 hae 
Figure 14: A Diagram of the tT-System Molecular 


Orbitals of Naphthalene-1,8-dithiolate. 
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appropriate symmetry for effective T-bonding 

with the metal.» 38 On the other hand, if O - 
bonding is the important factor in favoring trigonal 
prismatic geometry, then the naphthalene-1,8-dithiolate 
complexes should certainly behave more like benzene- 
1,2-dithiolate complexes. For 06 -bonding, the 
distinction between "even" and “odd” ligands 

Systems would apparently not exist. However, a 
distinction between mono anc dianionic ligands would 
certainly be important since the dianions would be 
stronger G -+donors. At the same time, the distinction 
between "even" and “odd" ligands would still have 

to be retained when considering the electrochemical 
behavior of the complexes. Unfortunately, the evidence 
that we have at this time does not provide a good test 
for the various theories. It has already been 

Shown, Chapter 2, that the benzene-1,2-dithiol 
complexes of Ti, Zr, and Hf behave like metal 
dithiolates and show few of the unusual characteristics 
associated with metal dithiolenes. Thus, it is not 
surprising that the corresponding naphthalenedithiol 
complexes also behave as dithiolates. However, it is 
also evident that the naphthalene dithiol ligand is 


not as strongly bound as benzenedithiol with these metals, 
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both from the higher energy UV spectra, and also 
from the instability of the Zr and Hf complexes. 
The conductivity, UV spectra, and air sensitivity of 
the Zr and Hf complexes all suggest that only weak 
bonds are being formed with the metal in contrast ee 
the air stable Ti complex. Whether such differences 
will be evident in other complexes remains to be seen. 
A second reason for studying complexes of 
naphthalene-1,8-dithiol, and in particular those de- 
scribed here, arises from the small bite expected for 
this ligand. Although no structural work has been 
Carried out on this ligand, rough calculations 
predictiea Dice or w~ 2.4 A. Using a Ti-S bond length 


45,46 ; 
CO ~2enwA, ‘ one then arrives at a normalized 


bite of TO Such a small normalized bite 


has been predicted to give near trigonal prismatic 


complexes in order to minimize ligand-ligand 


83 


repulsions. As of yet no 3 to 1 chelates with 


such a small bite have been reported. Rather, other 


ligands with small bites such as shel PLLepolone, 
Or dialkyldithiocarbamates give rise to eight 
coordinate complexes with the early transition 


39,140 
ACen ae ‘ Possibly the high charge of the 
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naphthalenedithiol ligand favors low coordination 
numbers. Attempts were also made to synthesize eight 
coordinate naphthalene dithiol complexes by using 4 

to 1 ligand to metal ratios, however, both these 
COnGdw Lon comands sete Larvae oc result edeane sto .L 
complexes. Whether these 3 to 1 complexes are 

trigonal prismatic will require further investigations. 
Work is also needed in the area of complex Agee 

tion with other metals and with other ligand systems such 
as ethane-1,2-dithiol to assess the relative roles of 


0 and 7 -bonding. 
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The following crystallographic programs were used 
an this structural analysis: ..1) M. J. Bennett's 
PMMO, transforms raw data to intensities, applying 
Lp corrections; 2) Ca vek Be ile an Se 

Frame, converts continuous paper tape output 

from the automatic diffractometer, in ASC II coding 
to"framed" output on card in EBCDIC coding 

SULtable. fOr PHMO’ input; 3) M. "Elder and kK. A. 
Simpson's D-Refine, refines cell parameters for 

all space groups; 4) P. Coppens' Datap, 

applies absorption and extinction corrections; 

5) Ceuta. TE LOWAUCt Sestioo, Structure factor 
Calculation and least squares refinement of 
parameters, modified by B. M. Foxman 

Sands s Oe ehennetc TOretagsad. DOGGY, LOULINe and. DY 

We ie HUCCHeON and M.os),  bennettetor handered 
rotor; 6) A. Zalkin's FORDAP, Fourier summation 

for Patterson or Fourier maps; 7) M. E. Pippy 

and F. RR. Ahmed's. NRC-22, calculates least 

Squares planes; 8) W. Busing and H. A. Levy's 
ORFFE, calculates bond lengths, angles, and 
associated standard deviations; modified by 
PeerenrOolLc. COLeLeMe 300 5and We Lb. BLOOKS and 

Me, elder’ for, hindered rotors’ an@ rigid bodies; 

9) M. J. Bennett and B. M. Foxman's MMMR, calculates 
starting parameters for rigid bodies and hindered 
TOcorcce LU eh. COWLe: Ss PULE, SOrts data 

according to any desired sequence of h, k, or 

13 il) RR. CC. Etder*s=Pun TADS priants 

structure factor amplitude tables; modified 

by M. Cowie to work in conjunction with PUBE; 

2 jC. wOonnson (SORTED, «Fortran, thermal 
eilivpsolduapl oc. program, £orecrystallographic illustra-— 
tions. 

: ; yaetat 2 
The function being minimized was wi [eC - | F | ) 
where Sa and F are the observed and calculated 
structure factSrs respectively and w wie ae ee 


Scattering, factors for the neutral atoms were used 
as tabulated by Cromer and Mann98 tOr Ta,) S and 
C and Stewart, Davidson and Simpson?? Wakes doe 
R,=Z]lFol-lFl|/2]Fo| while R= {Zw[|Fo|- 

2 2,1/2 
SR ey Pinca gy OM 
95 


w,F and F are as previously 
fe) 
c 


defined. 


Deelaecromer, and J. 5S. Mann, Acta Crystallogr., 
AZa, scl (L968). 
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Individual ligand twist angles were calculated 
by first defining an idealized three-fold axis 
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Fe (S2CC(COOC 4H )) Oe apparently bears some 
resemblance to the Ta structure. Although 

only the average twist angle is reported, the 
spread in interligand S-S distances is 

reminescent of that observed here in the Ta 
compound. Furthermore, the triangular faces 

are no longer parallel but form a dihedral 

angle of 6° compared to 12° of the present 

study. The observation of unusual distortion with 
a more innocent type chelate is indeed interesting. 
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